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Abstract: While liver transplantation remains the sole treatment option for patients with end-stage
liver disease, there are numerous limitations to liver transplantation including the scarcity of donor
livers and a rise in livers that are unsuitable to transplant such as those with excess steatosis.
Fatty livers are susceptible to ischaemia-reperfusion (IR) injury during transplantation and IR injury
results in primary graft non-function, graft failure and mortality. Recent studies have described new
cell death pathways which differ from the traditional apoptotic pathway. Necroptosis, a regulated
form of cell death, has been associated with hepatic IR injury. Receptor-interacting protein kinase 3
(RIPK3) and mixed-lineage kinase domain-like pseudokinase (MLKL) are thought to be instrumental
in the execution of necroptosis. The study of hepatic necroptosis and potential therapeutic approaches
to attenuate IR injury will be a key factor in improving our knowledge regarding liver transplantation
with fatty donor livers. In this review, we focus on the effect of hepatic steatosis during liver
transplantation as well as molecular mechanisms of necroptosis and its involvement during liver IR
injury. We also discuss the immune responses triggered during necroptosis and examine the utility of
necroptosis inhibitors as potential therapeutic approaches to alleviate IR injury.

Keywords: ischaemia-reperfusion injury; necroptosis; liver transplantation; steatosis; non-alcoholic
fatty liver disease

1. Introduction

Liver transplantation still remains the only curative option for the patients with end-stage
liver disease. Over the past few decades, advances in surgical techniques, development of
immunosuppressive agents, proper donor management and improved organ preservation methods
along with better post-operative care have improved the transplantation survival rate and quality
of life of patients. However, the increasing incidence of chronic liver diseases and the emergence
of non-alcoholic fatty liver disease (NAFLD) has increased the number of patients requiring liver
transplantation, increased the number of patients on the waiting list and, hence, increased waiting
times for recipients [1–3].

Due to the limited number of donor livers and increasing demand for liver transplantation, the expansion
of the donor pool of livers has become an urgent priority and the use of extended criteria donors
(ECDs) liver is essential [2,4,5]. Marginal organs need to be accurately evaluated before being discarded

Int. J. Mol. Sci. 2020, 21, 5931; doi:10.3390/ijms21165931 www.mdpi.com/journal/ijms

http://www.mdpi.com/journal/ijms
http://www.mdpi.com
http://www.mdpi.com/1422-0067/21/16/5931?type=check_update&version=1
http://dx.doi.org/10.3390/ijms21165931
http://www.mdpi.com/journal/ijms


Int. J. Mol. Sci. 2020, 21, 5931 2 of 29

as many remain underused [6]. Mainly, ECD livers can be classified into two groups [4]. Firstly,
a liver that poses a risk of transmitting diseases, e.g., hepatitis B, hepatitis C, active bacterial infection
or malignancy to the recipient [4,5]. The second group are those whereby the liver poses a risk
of graft non-function and/or high technical difficulties during transplantation such as livers from
steatotic donors, elderly donors, non-heart-beating donors, split grafts and donation after cardiac
death (DCD) [4]. Hence, marginal or extended criteria donor livers are defined as an organ with an
increased risk of primary non-function (PNF) or delayed graft failure that causes an increased risk
of morbidity or mortality in the recipient [4,7]. Though steatotic livers are potential candidates for
transplantation, they are known to be remarkably vulnerable to ischaemia-reperfusion (IR) injury [8,9].
Since IR starts a series of cellular responses in the traumatized cells, this could result in irreversible
injury and cell death. Recently, necroptosis, a novel form of cell death, has been extensively linked
with IR injury. Traditionally, necroptosis is considered to be an accidental and uncontrolled event.
However, a number of recent studies have described its involvement during IR injury.

ECD livers have been previously associated with necroptosis. For instance, necroptosis has been
recently directly linked with liver IR injury in an aged mouse model study [10]. This study revealed
that IR injury caused excessive endoplasmic reticulum stress resulting in hepatocyte necroptosis [10].
Similarly, prolonged cold ischaemia also triggers necroptotic cell death during IR injury [11]. The use
of controlled DCD liver has been promoted as a major strategy to improve the number of liver donors.
However, the use of DCD livers has been associated with the development of non-anastomotic biliary
strictures as DCD livers are more susceptible to IR injury and increased graft dysfunction [12,13].
During retrieval of a DCD liver the organ enters a phase of ischaemia which can trigger the release
of stress factors resulting in secretion of endotoxin and gut bacteria into the portal circulation [14].
These endotoxins potentially translocate to the liver during cold perfusion [15]. The aggregation of
these endotoxins can result in graft failure in animal models [16]. However, whether necroptosis is
involved in this injury has not been fully examined.

In this review, we focus on necroptosis pathways during IR injury in the steatotic liver.
We summarise the impact of hepatic steatosis during liver transplantation as well as molecular
mechanisms of necroptosis and its involvement during liver IR injury. We also discuss the immune
responses triggered during necroptosis and examine the use of inhibitors of necroptosis as potential
therapeutic approaches to alleviate IR injury.

2. Materials and Methods

We used NCBI PubMed and ScienceDirect databases for literature research. Articles were searched
using the terms: necroptosis and liver ischemia/reperfusion injury, hepatic ischemia/reperfusion injury,
liver steatosis, liver transplantation, damage-associated molecular pattern molecules (DAMPs) signals,
pharmacological/therapeutic approaches and organ preservation. Only publications in English were
included. Articles were screened to identify potentially relevant studies. Reference lists of retrieved
literature were also searched for relevant publications.

3. Effect of Hepatic Steatosis during Liver Transplantation

With the increasing global rate of obesity, 10–24% of the world population is considered to have
hepatic steatosis, and it is predicted to continuously rise in the future [17]. Hepatic steatosis is frequent
in both deceased and live organ donors, and multiple studies have reported an estimated prevalence
of steatosis in liver procurements of 9–26% [18]. Further, 5–10% of donated livers are discarded due to
the fact of steatosis [19]. This may represent a large pool of donor livers and, hence, the use of fatty
livers for graft transplantation has become a topic of great interest.

Histologically, hepatic steatosis has been divided quantitatively and qualitatively [20].
Quantitatively, steatotic livers have been graded based on fat infiltration of hepatocytes as mild
(<30%), moderate (30–60%) and severe >60% [21]. Whereas the qualitative classification is based on the
size of intra-cytoplasmic fat deposited in the hepatocytes [20]. A majority of studies have shown that



Int. J. Mol. Sci. 2020, 21, 5931 3 of 29

the steatotic liver displays a range of complications after transplantation. In general, mildly steatotic
(<30%) livers have been used by transplant centres across the globe with high success rates [22]. On the
other hand, moderately steatotic livers (30–60%) pose a 0–75% rate of PNF, hence caution is generally
adopted while selecting such livers, and they are often discarded if additional risks are present [23].
Qualitatively, liver steatosis is classified into microvesicular and macrovesicular steatosis [20,23].
Microvesicular steatosis is described as the accumulation of tiny lipid vesicles in the cytoplasm without
dislocating the nucleus. Macrovesicular steatosis consists of a single large fat vacuole in the cytoplasm
displacing the nucleus to the periphery [20].

Both micro- and macrosteatosis are often simultaneously present in hepatocytes in various
proportions. Generally, the use of livers with microsteatosis has no effect on transplant outcomes [24,25].
However, recent studies have shown that severe microsteatosis has been linked to delayed liver
function [26]. Use of livers with mild macrosteatosis (<30%) is considered to be safe for transplantation,
as many studies have shown similar functional results to that of non-steatotic liver [21,22]. In contrast,
severely macrosteatotic livers (>60%) have been deemed as unsuitable for transplantation as they
pose a high risk of PNF and increased recipient mortality [21,27,28]. Currently, there is debate
whether moderate macrosteatosis livers (30–60%) are acceptable for transplantation. Some studies have
demonstrated similar PNF rates and survival compared to non-steatotic livers [21,28–30], while others
have shown an increased rate of complications, PNF and death [28,31]. However, the use of livers with
moderate macrosteatosis is probably justified given the increasing number of patient deaths on liver
transplantation waiting lists.

4. Microvascular Dysfunction During IR Injury of Steatotic Livers and Clinical Consequences

During transplantation, donor livers are destined to be exposed to IR injury at various stages
including after organ retrieval, then during cold storage and finally during implantation to the
recipient. ECD livers, specifically steatotic livers, are remarkably vulnerable to IR injury. Fat globules
present in the hepatocytes are known to exaggerate microcirculatory disturbance in the liver [32,33].
Large fat droplets in steatotic hepatocytes are responsible for compressing the sinusoidal architecture
and, consequently, obstructing intrahepatic blood flow [32], and parenchymal perfusion is greatly
reduced. The random rupturing of hepatocytes during transplantation can cause the release of these
large fat droplets into the hepatic microcirculation causing clogging, distortion and disruption of
the sinusoidal space increasing congestion, focal haemorrhage as well as hepatocyte necrosis [34,35].
Hence, acute and chronic hepatic complications including PNF, delayed graft dysfunction, postsurgical
biliary complications and increased morbidity are often evident [21,27,36,37]. Further, studies have also
shown that the abnormally high ratio of omega-6:omega-3 polyunsaturated fatty acid in macrosteatotic
liver can contribute to microvascular dysfunction and hepatic injury during IR [38]. This vulnerability
to microcirculatory impairment during IR is linked to lower omega-3 content [38] as well as impaired
sinusoidal perfusion combined with oxidative stress-associated hepatocyte damage and Kupffer cell
activation [39]. Interestingly, dietary supplementation of omega-3 polyunsaturated fatty acid can
reduce the IR injury in steatotic liver by attenuating Kupffer cell activity [38].

5. Mechanisms of IR Injury during Liver Transplantation

5.1. Ischaemic Phase

IR injury contributes to 10% of early graft failures [40] and is also responsible for non-anastomotic
biliary strictures following graft transplant [41–44] and is the underpinning common event in liver
transplantation. At the cellular level, the pathological features of ischaemia results from several insults.
Hypoxia is caused by obstruction of blood flow and subsequent loss of oxygen causes the disruption of
the electron transport chain in mitochondria [45] (Figure 1). The loss of oxygen triggers the anaerobic
metabolism where adenosine triphosphate (ATP) breaks down into adenosine diphosphate (ADP) and
adenosine monophosphate (AMP) which could result in the lactic acid accumulation and decreased pH
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level in mitochondria [46]. Moreover, there is a reduction in nutrient supply and an increase in waste
accumulation due to the impairment in blood circulation [47]. As ATP depletes, the ATP-dependent
sodium potassium (Na+-K+) pump channel is altered during the ischaemic phase and as a result,
Na+ ions accumulate intracellularly [48]. Excessive Na+ inside the cell reduces the sodium–hydrogen
exchange channel. In the endoplasmic reticulum (ER), the calcium pump (Ca2+-ATPase pump) channel
dysfunction restricts Ca2+ intake. Hyper-osmolarity is caused by the accumulation of hydrogen
(H+), Na+ and Ca2+ ions inside the cell leading to oedema and swelling of hepatocytes, Kupffer cells
and sinusoidal endothelial cells [49]. Mitochondrial swelling, increase in cellular volume and bleb
formation at the plasma membrane are considered the initial hepatocellular alterations during early
stages of ischaemia [50].
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Figure 1. Overview of the process of ischemia-reperfusion (IR) injury. Upon depletion of oxygen
during the ischaemic stage, mitochondria initiate anaerobic metabolism and ATP production decreases.
Further, ion-exchange pump channel dysfunction and pH level decreases leading to cell swelling.
During the reperfusion stage, mitochondrial swelling and accumulation of H+, Na+ and K+ result in
oxidative stress leading to the excessive production of ROS. This induces cell injury, leading to cell
death. The figure is modified from Reference [48].

5.2. Reperfusion Phase

Reperfusion following restoration of blood supply further elevates the cellular injury [48] (Figure 1).
Mitochondria play an essential role in IR due to the fact of their central role in ATP production and
reactive oxygen species (ROS) formation. During the early phase of reperfusion, the leakage of extensive
electrons from disrupted electron transport chains results in the burst of ROS from mitochondria and
initiates further damage downstream. Further Kupffer cell activation at this stage increases their release
of ROS and proinflammatory cytokines, including tumour necrosis factor alpha (TNFα), interlukin-1
(IL-1), interferon-γ (IFN-γ) and interlukin-12 (IL-12) [51,52]. Normally, in mitochondria, when a
small amount of oxygen is reduced to ROS, it is neutralized by the antioxidant superoxide dismutase
(MnSOD) into hydrogen peroxide and later into water by glutathione peroxide (GPx) [53]. However,
during ischaemia, as more ROS are produced, the capability of MnSOD and GPx to neutralize ROS
is reduced resulting in excessive oxidative stress causing endothelial dysfunction and DNA damage.
Hence more toxic hydroxy radical (OH.) is formed and, ultimately, unavoidable injury takes place when
the ionic gradient across the plasma membrane disrupts the ionic balance and the plasma membrane
bursts. This releases all intracellular organelles into the surrounding area resulting in the necrotic form
of cell death and release of local damage inflammatory responses [54].
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6. Necroptosis

Apoptosis was known as the key cell death pathway playing a critical role in tissue development
and morphogenesis of multi-cellular eukaryotes [55] until other forms of regulated cell death
pathways were identified. At the cellular level, the hallmark features of apoptosis include chromatin
condensation, nuclear fragmentation, DNA damage, cytoplasmic shrinkage and the formation of
apoptotic bodies [56,57]. In contrast, necrosis is generally considered to be an uncontrolled event
which is characterised by the sudden loss of membrane integrity resulting in the spill of extracellular
content triggering inflammation and DAMPs signals [58,59]. Unlike apoptosis, a striking feature of
necrosis is organelle swelling, as the cell fails to maintain homoeostasis within its environment [58,60].
In the mid-19th century, surgical pathologists initially used the term “necrosis” while describing
destructive tissue incidents [61,62]. Since then, there has been uncertainty surrounding whether
necrosis is a gene-driven programmed process or it is simply an accidental and passive event caused
by environmental circumstances.

Necroptosis is a form of regulated necrosis and defined as a novel form of programmed cell
death but is biochemically distinct from apoptosis [63–65]. At the cellular level, like in the case of
necrosis, necroptosis involves cytoplasmic granule formation followed by organelle swelling that leads
to loss of membrane integrity and finally rupture of the plasma membrane [66–68]. Unlike apoptotic
cells where macrophages are involved for phagocytosis, during necrotic cell death there is release
of intracellular organelles and DAMPs [69,70]. Hence, inflammatory signals are disseminated in
adjacent cells. Necroptosis participates in several pathological disorders that include viral infection [71],
pancreatitis [72], bowel diseases [73] and IR injury [8,74,75].

6.1. Molecular Mechanism of Necroptosis

In recent years, many proteins and processes have been coined as instigator, executor and effectors
of necroptosis. Only recently, a better understanding of the key molecular mechanisms of necroptosis
have emerged.

6.1.1. Initiation of Necroptosis by the Death Receptor

Necroptosis can be activated by a number of different receptors. The necroptotic form of cell death
can potentially be activated by either extracellular or intracellular signals. Death receptors, such as
tumour necrosis factor receptor superfamily member 1 (TNFR1), fas cell surface death receptor (FAS),
Z-DNA binding protein 1 (ZBP1) or pathogen recognition receptor (PRR), can recognize such disruption
in the form of death signals [65,75–77], toll-like receptor (TLR) 3 or TLR4 [78,79] and interferons [76].

6.1.2. TNFR1

The tumour necrosis factor alpha (TNFα)-mediated pathway of necroptosis has been most
extensively investigated. The initial steps of cell death in TNFα-mediated necroptosis are shared
by apoptosis and nuclear factor kappa light chain enhancer of activated B cells (NF-κB) signalling.
Upon TNFα activation by death inducer, it binds to TNFR1 and forms a death receptor associated
complex I at the plasma membrane [80] (Figure 2). This complex I binds to TNFR-associated
death domain (TRADD) which then recruits receptor-interacting protein kinase 1 (RIPK1) through
homophilic interaction between its death domain and binding to adaptor protein TNFR-associated
factor 2 (TRAF2) [80]. Further, cellular inhibitor of apoptosis 1 (cIAP1) is recruited by RIPK1 to stabilise
the complex I. This complex consists of TNFR1, TRADD, TRAF2, cIAP1 and RIPK1. Polyubiquitylation
of RIPK1 in complex I recruits and activates transforming growth factor β (TGFβ)-activated kinase1
(TAK1), TAK1- binding proteins (TAB1 and TAB2) along with inhibitor of NF-κB kinase (IκK) which
leads to the activation of NF-κB pathway [81]. Cylindromatosis (CLYD) results into deubiquitination
of RIPK1, translocating into the cytoplasm to form another cytosolic death-inducing complex, termed
complex II [82,83]. Complex II consists of RIPK1, TRADD, fas-associated protein with death domain
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(FADD) and CASPASE8. At this stage, CASPASE8 determines whether to initiate apoptosis and
inhibit necroptosis [84]. However, if CASPASE8 is inhibited or inactivated by either chemical or viral
inhibitors, RIPK1 will interact with RIPK3 forming amyloid fibrils downstream of TNFR1 at complex
II [85]. The auto-interaction of RIPK3 will instigate recruitment and phosphorylation of MLKL [85,86].
This complex is known as the necrosome [85]. Finally, MLKL translocates to the plasma membrane
and causes membrane permeabilization leading to necroptotic cell death [86–88]. Until recently, MLKL
activation was considered to be the final stage of necroptosis; however, the rapid influx of Ca2+ into
the cells after activated MLKL is followed by rapid exposure of phosphatidylserine before the loss
of membrane integrity [89]. The fate of the cell at this stage depends on the function of endosomal
sorting complexes required for transport (ESCRT) III [89]. Activation of MLKL results into formation
of small bubbles at the plasma membrane which is ultimately controlled by ESCRT-III. ESCRT-III is
required to maintain cell viability [90] and to delay the plasma membrane permeabilization and cell
death following MLKL oligomerization [89]. Subsequently, this delay provides enough time for cells
to release damage signals such as cytokines, chemokines as well as activation of CD8+ T cells before its
demise [89].
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Figure 2. TNFα-induced cell death pathway. TNFα stimulates TNFR1 to generate complex I by
recruiting TRADD, TRAF2 and 5, RIPK1 and cIAP1/2. Polyubiquitination of RIPK1 in complex I
will activate the NF-κB pathway, whereas polyubiquitination of RIPK1 by CLYD shifts complex I to
cytoplasm to form complex II. Activation of CASPASE8 will result in activation of CASPASE3 and cells
undergo apoptosis. Upon inhibition of CASPASE8, activation and phosphorylation of RIPK1 leads to
recruitment of RIPK3 and further recruits MLKL to form the necrosome. Further activation of PGAM5
and DRP1 results in ROS production in mitochondria and induces necroptosis. Activation of TLR3/

TLR4 by PAMPs or LPS, activates Toll–IL-1 receptor domain-containing adaptor-inducing IFN-β (TRIF)
and RIPK3 binding and triggers necroptosis. Abbreviations: TNF, tumour necrosis factor; TRADD,
TNFRSF1A-associated via death domain; TRAF, TNF receptor-associated factors; cIAP, cellular inhibitor
of apoptosis protein; CYLD, deubiquitinase cylindromatosis; FADD, FAS-associated death domain;
MLKL, mediator mixed-lineage kinase domain like; RIPK, receptor-interacting protein kinase; PGAM5,
phosphoglycerate mutase 5; Drp1, dynamin-related protein 1; ROS, reactive oxygen species; TLR3/4,
TNF-like death receptors 3/4; PAMPs, pathogen-associated molecular patterns; LPS, lipopolysaccharide.
Figure is modified from References [84,91,92].
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6.1.3. The Core Members of Necroptotic Machinery: The Executors

RIPK1/RIP1

Receptor-interacting protein kinase 1 (RIPK1/RIP1) along with its kinase activity plays a key role
in cell death via RIPK3/MLKL-dependent necroptosis [93,94]. Receptor-interacting protein kinase 1
is a member of the receptor-interacting serine/threonine kinase family and consist of three domains:
N-terminal kinase domain, intermediate domain and a carboxy-terminal death domain [95]. It is the
presence of an RIP homotypic interact motif (RHIM) motif at the intermediate domain that mediates
its interaction with downstream RIPK3 [96]. The C-terminal death domain can interact with death
receptor protein at the cytoplasmic membrane and instigate apoptosis and regulate caspase-dependent
apoptosis [97].

Evidence to support RIPK1 involvement in necroptosis comes from a study using Jurkat T cells
with an RIPK1 mutant study [94]. Holler et al. howed that the presence of RIPK1 is inevitable
in TNFα-induced necrotic death. Upon activation of cell death by FAS, TNFα or TRAIL, RIPK1
mutant Jurkat T cells fail to undergo caspase-independent necrotic death. Moreover, TLR-induced
necroptosis increased protein levels of RIPK1 [82]. Interestingly, some proteins assist RIPK1–RIPK3
to execute necroptosis in a programmed manner. The RIPK1/3 kinase activation was facilitated by
deubiquitylation of RIPK1 by CYLD and, hence, results in necroptosis [98,99]. In relation to liver
injury, the RIPK1 protein level was upregulated in a bile duct ligation (BDL) model in mice [100].
Moreover, RIPK1 involvement has been suggested in the pathogenesis of NAFLD, as Majdi et al. found
an increased level of RIPK1 in the serum samples of NAFLD patients [101].

RIPK3/RIP3

Receptor-interacting protein kinase 3 (RIPK3/RIP3) has emerged as a central player of necroptosis
in the past few years. The location of the human RIPK3 gene is on chromosome 14 and is known
to encode a protein of 518 amino acids and its N terminal has an active kinase domain [102]. The C
terminal of each RIP kinase is unique and is responsible for its participation in signalling cascades [96].
Other RIP kinases, such as RIPK1, contain a death domain, and RIPK2 contain a caspase recruitment
domain (CARD). RIPK3 contains a unique degenerated C-terminal motif known as RHIM which is
also present in RIPK1 intermediate domain. This RHIM mediates protein–protein interaction and
necrosis [96]. The involvement of RIPK3 in necroptosis was initially observed by Feng et al. [103]
in 2007. The role of RIPK3 and CASPASE8 inhibition in necroptosis has been demonstrated in
Caspase8 knockout mice models. Kaiser et al. have shown the lethality of Caspase8 knockout embryos
at the mid-gestational stage [104]. On the other hand, double knockout (Caspase8-/-Ripk3-/-) mice
survived, indicating the involvement of necroptosis [104]. Further, studies have shown that necroptosis
occurs independently from caspase activity and cannot be blocked by zVAD-fluoromethyl ketone
(zVAD), a caspase inhibitor [64]. In another study, when CASPASE8 activity was blocked, RIPK1 and
RIPK3 participated in protein–protein interaction through their RHIM motif. This led to individual
phosphorylation of RIPK1, RIPK3 and MLKL and resulted in necroptosis [75,86].

There have been a growing number of studies indicating the involvement of RIPK3 in liver injury.
For instance, RIPK3 medicated necroptosis has been associated with ethanol-induced hepatocyte
injury [105]. Moreover, in a chronic alcohol feeding plus binge feeding murine model, significant
upregulation of RIPK3 was noted, whereas RIPK3 knockout mice showed decreased liver alanine
aminotransferase (ALT) levels [106]. In addition, a methionine- and choline-deficient (MCD)-diet
induced hepatic necroptosis was attenuated in RIPK3 deficient mice [107]. Likewise, hepatocellular
necrosis was significantly decreased in RIPK3 knockout mice subjected to BDL suggesting the
involvement of necroptosis during BDL-induced injury [100]. Further, necroptosis is known to decrease
liver function and result in organ failure [49,108]. FAS/RIPK1/RIPK3-mediated necroptosis was observed
in acute liver injury induced by concanavalin A in mice [109]. It was found that CASPASE8 deletion
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in hepatocytes triggered the necrotic form of liver injury following concanavalin A induction and
demonstrated FAS/RIPK1/RIPK3 complex activation [109].

Involvement of RIPK3 in other organ systems has been extensively studied. Cho et al. have shown
that RIPK3 is a crucial activator of necroptosis induced by TNFα [63]. They demonstrated that
phosphorylation of RIPK3 and RIPK1 triggered a pronecrotic kinase cascade activation. Similarly,
He et al. also demonstrated that RIPK3 kinase activity is a key mediator of necroptosis [72]. RIPK3
knockdown in the human colon cancer cell line (HT-29) revealed the absence of cell necrosis and
cell survival upon application of cell death inducer TNFα/second mitochondria-derived activator of
caspase (SMAC)/zVAD compared to control HT-29 cells [72]. Similarly, in NIH-3T3 cells, RIPK3 is
required to switch between TNFα-induced apoptosis and necrosis [110]. RIPK3 is also required in
TNFα + zVAD-mediated necrosis. In a separate study, the initiation of virus-induced tissue necrosis
and inflammation was attenuated in RIPK3 knockout mice [63]. Further, crystal-induced tissue injury
has also been shown to induce RIPK3- and MLKL-dependent necroptosis in mouse kidney and human
synovial fibroblasts [111].

6.1.4. The Effector

MLKL

Mixed lineage kinase domain-like protein (MLKL) is a protein in the necroptotic signalling
cascade, functioning downstream of RIPK3 [87,88]. The MLKL protein contains two domains:
a N-terminal domain consisting of four helix bundles and a C-terminal pseudo-kinase domain [86,112].
This pseudo-kinase domain acts as a molecular switch that determines active or inactive MLKL
configuration. Hence, its C-terminal interconnects with RIPK3 during necroptosis [87]. In contrast
to RIPK3, which is functionally active, MLKL is related to a group of proteins that are enzymatically
inactive, hence, termed pseudokinase [113,114]. When the phosphorylated RIPK3 propagates to form
the necrosome, it recruits MLKL. Finally, upon activation, MLKL migrates to the plasma membrane
which disintegrates releasing cellular contents and resulting in necroptotic cell death [115,116]. A study
conducted by Wang et al. showed that necrotic cell death in drug-induced liver injury was due to the
fact of MLKL activation [116]. In the context of inflammatory liver diseases, in both human samples
and mouse models, MLKL activation is strongly correlated with hepatocellular necrosis [117]. Recent
reports have also revealed a high expression of MLKL in human liver samples from patients with
primary biliary cholangitis indicating activation of necroptosis. Similar results were seen in the murine
model of BDL [100]. In other study, dermal fibroblast cells derived from Mlkl-/- mice, showed resistance
to induced necroptosis [118]. The Fadd-/-Mlkl-/- double knockout mouse embryonic fibroblasts were
resistant to TNFα plus zVAD-induced necroptosis [119]. The siRNA knockdown of MLKL in HT-29
cells ceased the progression of necrosis signalling [88].

7. Necrosis in Liver IR Injury

The mechanism of hepatic cell death after IR is controversial. Initial studies suggested
that hepatocyte cell death is via necrosis with the release of liver enzymes during liver IR
injury [120]. However, by the end of 20th century, as tools have developed to recognize apoptotic
cell death, the views on the mechanism of cell death in liver IR injury quickly shifted toward
apoptosis [121]. Studies have emerged demonstrating the involvement of apoptosis as shown
by terminal deoxynucleotidyl transferase deoxyuridine triphosphate nick end labelling (TUNEL)
staining and caspase activity [122–124] as well as a protective role of caspase inhibitors in hepatic IR
injury [125,126]. In contrast, a comprehensive study performed by analysing the hallmark features of
apoptosis, such as nuclear condensation, cell shrinkage and apoptotic bodies along with caspase-3
activity, showed only a small increase in the number of apoptotic cells after only one time point (1 h)
of reperfusion and at other reperfusion time points, apoptotic cell number did not exceed baseline
levels, whereas the counts of necrotic cells gradually increased even at 24 h of reperfusion [127].
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This study reported only 0.3% of hepatocytes were deemed apoptotic verses 60% necrosis and, overall,
>95% of damaged cells died via necrosis post IR injury. Further use of a caspase inhibitor in this
study did not reduce the ALT level, DNA fragmentation or necrotic area. Interestingly, most necrotic
hepatocytes were also positively stained in the TUNEL assay [127]. This finding raised further
concerns that TUNEL staining, which is presumably used as marker for apoptosis, can also be detected
in necrotic cell death as DNA degradation could also result after necrosis [128–130]. In addition,
since apoptotic cells are visible for only a limited time in tissue sections compared to necrotic cells,
analysis of plasma biomarkers of apoptosis and necrosis become useful to understand the underlying
mechanism. Plasma biomarkers of necrotic cells (micro-RNA122, full-length cytokeratin 18 (FK18) and
high mobility group box 1 (HMGB1)) showed significant elevation after IR with supportive histology
when compared to the biomarkers of apoptosis (caspase-3 activity and caspase-cleaved fragment of
cytokeratin 18 (CK18)) [131]. However, no morphological evidence of apoptotic cell death as well as
absence of caspase-3 activity in plasma was reported after the same duration of IR injury. Quantitative
comparative analysis of FK18 (necrosis marker) and CK18 (apoptosis marker) in the same study
revealed necrosis is predominant during IR where apoptosis showed only a minor increase.

Many other studies in liver IR have demonstrated cell death via necroptosis without the activation
of apoptotic markers [8,9,130,131]. Emerging studies have suggested that necroptosis plays an
instrumental role and contributes to liver damage in steatotic livers following IR injury [8,9]. Koichi et al.
revealed that rats with hepatic steatosis showed elevated levels of TNFα and necrotic areas in fatty
liver tissue after inducing IR injury [132]. In another study, TNFα induced cell death in fat-loaded
primary rat hepatocytes showed activation of necroptosis when CASPASE3 activity was inhibited [107].
Downregulation of nuclear HMGB1 using siHMGB1 in mouse IR injury resulted in protection from
liver injury and decreased inflammation after liver IR [133]. Significant upregulation of both RIPK1
and RIPK3 has been reported after IR injury with elevated level of TNFα and Interlukin-6 (IL-6) [134].
Whereas some studies demonstrated contradicting results that necroptosis is not active in IR injury
using similar in vivo models [135,136]. This conflict could possibly be the result of variation in
experimental models and requires further analysis.

Studies have demonstrated the critical involvement of RIPK3 in IR injury in various organ systems
apart from liver. RIPK3 overexpression was seen in an in vitro model of hippocampal neuronal HT-22
cells undergoing IR injury [137]. In the same study, an in vivo experiment also showed the RIPK3 and
MLKL overexpression in the middle cerebral artery occlusion (MCAO) mouse model of ischaemia
brain injury. Similarly, RIPK1/RIPK3/MLKL-mediated necroptosis played a critical role in rat nucleus
pulposus (NP) cell death induced by compression, a mechanical stress [138].

8. Necroptosis in Steatotic Hepatic Injury and Steatotic IR Injury

Based on histological scoring, NAFLD is defined as the presence of ≥5% hepatic steatosis in
the liver [139]. Some studies showed the absence of RIPK3 protected against liver injury, steatosis,
inflammation, fibrosis and oxidative stress in an MCD-diet model [140]. However, necroptosis has
been linked to both NAFLD and alcoholic liver diseases [105,107,141]. The initial study of necroptosis
in NAFLD showed the upregulation of RIPK3 in NASH patients and in a mouse model using the
MCD diet that contributed to liver injury and liver fibrosis [141]. The RIPK3-dependent necroptosis
resulted in liver injury, inflammation and liver fibrosis. Similarly, increased RIPK3 and MLKL levels
were observed in NAFLD patients and in high-fat choline-deficient (HFCD) mouse models [107].
These studies have shown the profound involvement of necroptosis in steatotic liver injury.

Studies in murine models have suggested that hepatocyte injury and inflammation are the primary
contributors that aggravate the injury in steatotic liver IR injury [142–144]. Li et al. have shown
an increase in necrotic area along with increases in TNFα, IL-6 and interferon-γ (IFN-γ) after IR
injury in methionine, choline-deficient and high-fat (MCDHF) diet fed mice [143]. Another study also
reported increased levels of TNFα and Interlukin-1β (IL-1β) mRNA in obese mice compared to lean
controls [142]. Necroptosis in steatotic liver IR has been recently studied using rat and mouse models
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where hepatic ischaemia was induced by occluding vessels supplying the median and left lateral
lobe for various periods and liver injury was monitored following different reperfusion periods [8,9].
Two different studies using different animal models have shown the upregulation of RIPK3 and MLKL
resulting in necroptotic cell death of hepatocytes following IR injury. Kim et al. demonstrated that mice
fed a high-fat diet (HFD) demonstrated increased RIPK3 and MLKL expression after IR compared to
chow diet in a rat model [8]. These findings were later supported by Sun et al., who found both RIPK3
and MLKL were significantly upregulated after IR injury in western diet (WD)-fed mice compared to the
chow diet. Exacerbation of injury in WD mice was also noted which was significantly reduced in Mlkl-/-

mice [8,9]. However, these studies have not used the moderately steatotic liver which contributes to
the large pool of discarded livers in the human setting and could potentially become a likely candidate
for transplantation given the current donor shortage. Furthermore, investigation of IR injury in
combination with a macrovesicular steatotic model also becomes essential, as studies have shown that
such livers are more susceptible to IR injury compared with microvesicular steatosis. Interestingly,
ferroptosis, an iron-dependent non-apoptotic cell death pathway, has been linked to hepatic IR
injury [145]. A recent study in a murine model of hepatic IR injury has shown the upregulation of the
ferroptosis marker prostaglandin-endoperoxide synthase 2 (Ptgs2) after IR insult which was prevented
by the ferroptosis inhibitor, ferrostatin-1 (Fer-1) or α-tocopherol [145]. More studies are indeed required
to investigate the involvement of ferroptosis during steatotic liver undergoing IR injury. Further, with
the emergence of studies uncovering co-regulation and cross-talk among various cell death pathways,
such as pyroptosis, apoptosis, and necroptosis, which is termed PANoptosis [146,147], more studies
need to be conducted to investigate the possible co-existence of multiple cell death pathways during
hepatic IR injury.

9. Immune Response and Inflammation During Necroptosis

During oxidative stress or in ischaemic conditions, tissue damage or dying cells can release
endogenous molecules DAMPs as warning signals (alarmins) for immune responses [148–150].
The elevation of these signals in response to ischaemia is clinically relevant, as they may indicate tissue
at risk of further injury. During IR injury, ROS and ER stress can work together to facilitate the release
of DAMPs [151,152]. Some studies have suggested the release of DAMPs during necrosis or secondary
necrosis (Table 1). Since release of DAMPs during apoptosis is absent or minimal, their secretion is
typically considered a major necroptotic event [77]. The necroptotic mediator, RIPK3, is known to
facilitate the traffic of DAMPs to the extracellular space after MLKL activation [77]. Many studies
in liver and other organs have provided evidence of release of DAMPs in IR injury and various
well-defined DAMPs, such as HMGB1, interleukin-33 (IL-33), ST2, interleukin-1α (IL-1α) and ATP,
are known to be involved during necroptotic IR injury. Some of these are discussed below.

9.1. HMGB1

High mobility group box 1 (HMGB1) is a highly conserved nuclear protein found in all multicellular
organisms [153,154]. As it consists of DNA-binding domains, it orchestrates DNA binding as well
as stabilization of nucleosomes to aid in transcriptional regulation of genes [155,156]. Importantly,
HMGB1 can also function as an extracellular inflammatory mediator and hence it is also considered
an alarmin [157]. Untimed cellular death caused by stress or trauma can result in passive release of
HMGB1 through the cytoplasm into the extracellular space alerting the immune system [153,154].
Interestingly, during apoptotic cell death HMGB1 remains tightly bound to chromatin and, hence,
is not released from the nucleus [158]. Since cells release HMGB1 during necrotic cell death rather than
during apoptosis, detection of HMGB1 in the extracellular environment can be interpreted as a distinct
feature of necroptosis. Further, early active release of acetylated HMGB1 by hepatocytes undergoing
IR insult has been described previously (Table 1) [154]. Further HMGB1 expression was increased in
steatotic liver compared to lean liver in the study conducted in rat model [132].



Int. J. Mol. Sci. 2020, 21, 5931 11 of 29

9.2. Interlukin-33

Interlukin-33 (IL-33) is a nuclear protein and is a member of the cytokine IL-1 family [159]. As in
the case of HMGB1, IL-33 also has a dual function: as a chromatin-associated protein to participate in
gene repression [155] and as a proinflammatory mediator [155,159]. IL-33 released to the extracellular
environment, mediates its activity via IL-1 receptor like 1 ST2 protein [155]. During mechanical trauma,
IL-33 is systemically released as an alarmin signal [160]. IL-33 activity is inhibited by caspase activation
and, hence, IL-33 expression is inactivated during apoptotic cell death [159]. Release of endogenous
IL-33 is known to contribute during kidney IR insult [161] and absence of IL-33 or ST2 protected livers
from IR injury [162] (Table 1).

9.3. Proinflammatory Cytokines

IR injury in solid organs contributes to the rapid release of proinflammatory cytokines including
TNFα, IFNγ, IL-1β, IL-6 and interleukin- 8 (IL-8). For instance, in a study conducted in a murine model
of IR renal injury, significant upregulation in IL-6, interleukin- 11 (IL-11), leukaemia inhibitor factor
(LIF) and macrophage inflammatory protein (MIP-2) was observed [163]. In a liver transplantation
study conducted in pigs, increased levels of TNFα and IL-6 were seen after IR injury (Table 1) [164].
The increased level of TNFα was noticed in hepatic IR injury in a mouse model [165]. Further,
systematic upregulation of IL-1 and TNFα were seen during renal IR injury in mouse models [166].
Ischaemia-induced injury in rat kidney showed increased levels of cytokines such as IL-2, IL-10, IFN-γ
and transforming growth factor β (TGF-β) [167]. IL-1β, Il-1, Il-6 and TNFα levels were found to be
comparatively higher in liver preservation solution effluent than in donor and recipient prior to the
surgery [168]. In another study, IL-8 levels were significantly upregulated in cardiac transplantation
patients [169]. In the same study, human saphenous vein endothelial cell culture in hypoxic conditions
increased levels of IL-8 in a time-dependent manner.

Table 1. Overview of DAMPS associated with different types of cell death. The table is modified from
Reference [170].

DAMPs Type of Cell Death Involved Involved in IR References

ATP

Apoptosis, necroptosis, accidental
necrosis and immunogenic apoptosis

(either pre-apoptotic or early apoptotic
active secretion)

Yes [170–175]

Cyclophilin A Necrosis, necroptosis Not defined [170,176,177]

F-actin
Necroptosis, accidental necrosis and

secondary necrosis (exposure following
cell membrane permeabilization)

Not defined [170,178,179]

HSP70, HSP60, HSP72,
GRP78 and GP96

Necroptosis, necrosis (passively
released) and immunogenic apoptosis

(either pre-apoptotic or early or
mid-apoptotic surface exposure)

Yes [66,170,174,175,180–182]

Histones Accidental necrosis, apoptosis Yes [170,183–185]

HMGB1

Necroptosis, accidental necrosis and
immunogenic apoptosis (secondary

necrosis, passively released), cell death
accompanied by autophagy

Yes [153,155,170,175,180,186]

HMGN1 Necroptosis, secondary necrosis
(passively released)? Not defined [66,170,187,188]

IL-1α Necroptosis, accidental necrosis
(passively released) Yes [170,189,190]

IL-33 Necroptosis, accidental necrosis
(passively released) Yes [170,186,191]

IL-6 Necroptosis Yes [66,164,183,192]
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Table 1. Cont.

DAMPs Type of Cell Death Involved Involved in IR References

Mitochondrial DNA Accidental necrosis (passively released) Yes [70,170,193]

Mitochondrial
transcription factor A Accidental necrosis (passively released) Yes [170,192,194]

Monosodium urate Accidental necrosis (passively released) Not defined [170,195]

Reactive carbonyls and
oxidation-specific epitopes

Apoptosis or necrosis induced by
ROS-producing agents Not defined [170,196–198]

Ribonucleoproteins,
mRNA and

genomic DNA

Accidental and secondary necrosis
(passively released) Not defined [170,175,199–201]

S100A8, S100A9
and S100A12 Accidental necrosis (passively released) Yes [170,175,202–204]

HSP90 Apoptosis, necroptosis Yes [66,170,201,205,206]

IL-1b Necroptosis, apoptosis Yes [66,170,183,189]

Abbreviations: DAMPs, damage-associated molecular patterns; ATP, Adenosine triphosphate; HMGB1, high
mobility group protein B1; HMGN1, high mobility group nucleosome binding domain 1; GRP, glucose regulated
protein; HSP, heat shock protein; IL, interleukin; ROS, reactive oxygen species.

In summary, the detection of circulatory levels of HMGB1, IL-33 and proinflammatory cytokines
could potentially be used as effective tools to study the role of alarmins during necroptosis in liver IR
injury. Moreover, levels of alarmins could play key role in predicting injury risk and also be a potential
therapeutic target.

10. Necroptosis Inhibitors

The discovery of inhibitory molecules that are able to attenuate necroptotic cell death has
translational potential. Hence, investigation of necroptotic inhibitors is essential. Several necroptosis
inhibitors have been recently reviewed elsewhere (Table 2), and here we review some of most thoroughly
investigated inhibitors of necroptosis in more detail.

Table 2. List of necroptosis inhibitors. The table is modified from Reference [207].

Intervention/ Inhibitors Target

Nec-1s RIPK1

GSK872 RIPK3

GSK’843 RIPK3

Dabrafenib RIPK3

Necrostatins (1/3/4/5) RIPK1

Tozasertib RIPK1

Sunitinib RIPK1

GSK3145095 RIPK1

GSK’963 RIPK1

GSK’547 RIPK1

RIPA-56 RIPK1

Sibiriline RIPK1

Compound 4b RIPK1

Necrosulfonamide MLKL

Compound 1 MLKL

Ponatinib RIPK3

Sorafenib RIPK3
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10.1. RIPA-56

RIPA-56 is a metabolically stable and highly potent RIPK1 inhibitor, targeting the activity of
MLKL [208]. In a study conducted in a NASH mouse model to investigate the effect of RIPA-56 in
both prophylactic and curative setting, RIPA-56 treatment attenuated the liver injury, inflammation,
hepatic steatosis and fibrosis [101]. In the same study, while a HFD diet upregulated the expression
of RIPK3 and MLKL and increased ALT level, treatment with RIPA-56 at prophylactic and curative
levels suppressed their expression. Further, RIPA-56 decreased the intracellular fat accumulation in an
in vitro model of hepatocytes [101]. As discussed earlier, steatotic liver is remarkably vulnerable to IR
injury, and since RIPA-56 is effective in depleting intracellular lipid droplets, it is therefore important
to further investigate the use of RIPA-56 in steatotic livers during IR.

10.2. Necrostatin-1

Necrostatin-1 (Nec-1), a RIPK1 kinase inhibitor, has been effectively used as a potential therapeutic,
targeting RIPK1 activity in necroptosis [63,72]. Necrostatin-1 is a potent small molecule originally
identified during screening of a chemical library [74]. Necrostatin-1 leaves RIPK1 in an inactive state by
preventing the phosphorylation as well as ubiquitination during necrosome formation [209]. Evidence
supporting the therapeutic use of Nec-1 has been studied in various in vitro and in vivo models.
IR-induced liver injury and ROS production was reduced after pre-treatment with Nec-1 in a HFD-fed
mouse model [210]. Further, TNFα-induced injury was minimised by Nec-1 treatment in an in vitro
study using primary mouse hepatocytes [210]. Necrostatin-1 has also been shown to decrease hepatic
triglyceride level in an obese mouse model [211]. Necroptosis in retinal ganglion cell 5 (RGC-5) cells
followed by oxygen glucose deprivation (OGD) has been significantly reduced by pre-treatment of
cells by Nec-1 [212]. Further, Nec-1 is shown to inhibit ischaemic brain injury in mice [74]. Similarly,
Wang et al. demonstrated that Nec-1 reduced RIPK3 expression in ouabain-induced injury in primary
culture of rat cortical neurons [116]. Moreover, RIPK1–RIPK3 interaction was also found to be
inhibited by Nec-1 [63]. However, Nec-1 can inhibit indoleamine 2,3-dioxygenase, an enzyme known
to participate in both innate and adaptive immunity [213]. Furthermore, it can also function as
a ferrostatin [214] and research has shown its lethal effect in in vivo studies [215]. Hence, further
investigation is required to understand its effect during IR injury in steatotic liver.

10.3. GSK’872

GSK’872 is described as an RIPK3-selective kinase inhibitor and has been effectively used as
a potential therapeutic target of RIPK3 activity during necroptosis. Pre-treatment with GSK’872
decreased the IR liver injury as well as ROS level in an HFD-fed mouse model [210]. In a study
performed in J774 murine macrophages, GSK’872 treatment blocked TRIF-induced necrosis [216].
The same authors claimed that TNFα-induced cell death in 3T3-Sa cells was remarkably reduced in a
dose-dependent fashion after GSK’872 administration. In a separate study, an in vitro model using
HT-22 cells and an in vivo study in a mouse model, GSK’872 treatment suppressed ischaemic brain
injury induced necroptotic cell death by alleviating RIPK3 expression and improved cell viability [137].
Interferon-β (IFN-β) activated-cell death in RIPK1 knockout mouse embryonic fibroblasts was also
suppressed by the administration of GSK’872 [217].

10.4. MLKL Inhibitors

The human specific MLKL inhibitor, necrosulfonamide (NSA) is known to halt necroptosis in
in vitro models [87]. A study has also shown treatment with NSA significantly reduced the lipid
droplets in fat-induced primary human hepatocytes [218]. Because the steatotic liver possesses an
increased risk during IR, the use of NSA in steatotic liver undergoing IR injury could potentially become
an important investigation. Another MLKL inhibitor, compound 1 (also referred to as GW806742X or
SYN1215) has shown to prevent necroptosis in an in vitro study performed using mouse fibroblasts
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by targeting pseudokinase domain of MLKL [112]. However, NSA is human-specific and further
investigation has not been performed in murine models [87]. Similarly, the mechanism of action
of compound 1 is unclear as its protective feature involves both interaction with MLKL as well as
inhibition of RIPK1 [112].

Though RIPA-56 and Nec-1 have been investigated in NASH and NAFLD models, more research
is needed to evaluate their potential effect during steatosis as well as during IR injury. Apart from
the abovementioned inhibitors, some potential drugs to block necroptosis have been clinically used
with US Food and Drug Administration approval, namely, dabrafenib, a selective RIPK3 inhibitor
that alleviates acetaminophen (APAP)-induced liver injury; sorafenib, which can inhibit the kinase
activity of both RIPK1 and RIPK3; pazopanib, a RIPK1 inhibitor; and ponatinib, a RIPK1 and RIPK3
inhibitor. These are some drugs that are in use for other liver indications [207]. However, none of these
drugs have been used for direct treatment of necroptosis-related illness or liver IR injury in the clinic.
More studies are necessary to evaluate the potential therapeutic efficacy of necroptotic inhibitors in the
liver transplantation setting.

11. Organ Preservation Strategies and Defatting of Steatotic Liver during Liver Transplantation

During transplantation, donor liver preservation is a critical step to maintaining the quality of liver
as well as to improve post-transplant outcomes. Conventional static cold storage (SCS) is considered to
be the primary method for organ preservation [219,220]. However, if it is prolonged, this method does
not provide sufficient protection against IR injury particularly for the marginal livers such as steatotic
livers and DCD livers which are already in a vulnerable state. As a result, alternative strategies, such
as machine perfusion (MP), have been proposed to reduce the harmful effect of SCS and to better
assess the organ quality [221–223]. Machine perfusion methods mimic the physiological process by
establishing controlled continuous flow of nutrients and antioxidants and promoting the flushing
of inflammatory cytokines and toxins from the graft [224]. Hence machine perfusion is considered
superior to SCS.

Studies have been conducted to investigate the potential use of MP in steatotic liver grafts [224,225].
In a study conducted in macrosteatosis murine model, the use of MP restored graft viability compared
to SCS [225]. Another study has revealed the protective nature of MP in marginal livers by reducing
cytokine-mediated IR injury [224]. Hypothermic machine perfusion (HMP) is one of the suggested
methods for graft preservation where organs are maintained at lower temperature to reduce cellular
metabolism. In human clinical studies, HMP significantly reduced proinflammatory cytokines and
oxidation markers [226]. Likewise, use of HMP in pig DCD liver grafts showed reduction of necrosis
as well as improved bile flow and ATP level [227]. However, prolonged organ storage with cold
perfusion could potentially damage the sinusoidal endothelium and endoplasmic reticulum [228].
Another preservation technique, venous systemic oxygen persufflation (VSOP) was developed by
Minor et al. [229] which demonstrated that VSOP can reduce liver necrosis as well as improve
cellular autophagy in steatotic livers and also maintain the sinusoidal endothelial lining during IR
exposure [230,231]. Ischaemic preconditioning (IPC) is another protective strategy where a short
ischaemic phase is followed by a brief reperfusion interval, before storing the graft in a long ischaemic
state. IPC has shown to reduce preservation injury in steatotic livers, decrease parenchymal necrosis
and reduced postoperative enzyme release [232,233]. However, contradicting studies also showed
higher enzyme release in recipients post-transplantation [234].

The arrival of normothermic machine perfusion (NMP) that maintains the liver grafts at
physiological temperatures to support homeostasis has become a promising preservation technique.
NMP aims to minimise the IR injury in liver graft and improve preservation of ECD livers [235].
The successful use of NMP in liver transplantation of ECD livers provides the opportunity for
therapeutic intervention prior to transplantation of ECD livers [236]. NMP not only easily facilitates
addition of therapeutic agents, such as necroptosis inhibitors described above, to the perfusion system
but allows assessment of hepatocellular function and injury prior to transplantation. In addition,
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monitoring of DAMP/alarmin release is feasible during NMP and may allow development of predictive
biomarkers to identify ECD livers that could be successfully transplanted. Studies have been conducted
to examine the utilisation of NMP in steatotic liver grafts [237–240]. A steatotic porcine model study
has revealed that under NMP, the steatotic liver was capable of maintaining perfusate base excess,
factor V and bile production as well as decreasing macrosteatosis [237]. Interestingly, another study
investigating the use of a cocktail of defatting agents during NMP in Zucker rats showed intracellular
lipid content of perfused liver was decreased by 50% and increased lipid oxidation [238]. Likewise,
when L-carnitine was added to a cocktail of defatting agents a reduction of macrosteatosis from 42.5%
to 8.5% after NMP was observed [241].

Though animal studies have shown positive outcomes of the use of NMP alone or in combination
with defatting agents, similar results have not been seen in the studies using human steatotic liver
involving NMP alone, as it did not decrease the percentage of macrosteatosis when compared with
SCS [242]. These data indicate that there is a necessity of combination of defatting agents along with
NMP. Boteon et al. had successfully showed increased hepatic lipid metabolism and a reduction
in macrosteatosis after NMP with defatting molecules in a study conducted in human discarded
livers [239]. Aoudjehane et al. also showed treatment with NSA, a MLKL inhibitor, in combination
with or without a defatting agent reduced the intracellular lipid droplet in an in vitro steatosis
model [218]. With increasing evidence of involvement of necroptosis in steatotic liver IR, it will be
worth investigating the combination treatment of necroptosis inhibitors along with NMP in steatotic
livers during IR exposure.

In summary, the abovementioned studies of different organ preservation methods have provided
a platform to study the potential use of organ preservation strategies for steatotic donor liver
during transplantation.

12. Conclusions

Many interesting studies expanding our view on necrosis and necroptosis have been described in
the past decade. Necroptosis, a novel regulated form of cell death, has been linked to IR insult where
RIPK3 and MLKL are known to play fundamental roles. Liver transplantation has been regarded
as an only treatment option for patients with end-stage illness and the shortage of donor livers
has emphasised the use of extended criteria donor livers, such as steatotic livers to increase liver
transplantation rates. Unfortunately, steatotic livers are associated with primary graft non-function,
early allograft dysfunction and graft loss, as they are susceptible to IR injury. Hence, it is important
to further investigate the role of necroptosis during IR especially in moderately steatotic livers with
macrovesicular steatosis which seems to confer more susceptibility when compared to microvesicular
steatosis. Moreover, identification of alarmins as potential biomarkers to predict the outcome of
transplantation may become even more important as there are limited therapeutic options. Further
research is needed to accelerate the understanding of the mechanisms and development of therapeutic
agents and organ preservation strategies to reduce IR injury in steatotic liver, all with the overall goal
being to expand the pool of donor organs available for liver transplantation.
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NAFLD non-alcoholic fatty liver disease
ECD extended criteria donors
PNF primary non-function
DCD donation after cardiac death
ATP adenosine triphosphate
ADP adenosine diphosphate
AMP adenosine monophosphate
Na+- K+ sodium potassium
Ca2+ Calcium
ER endoplasmic reticulum
H+ hydrogen ion
ROS reactive oxygen species
MnSOD superoxide dismutase
GPx glutathione peroxide
OH. hydroxy radical
DAMPs damage-associated molecular pattern molecules
BDL bile duct ligation
TNFR1 tumour necrosis factor receptor superfamily member 1
FAS fas cell surface death receptor
ZBP1 Z-DNA binding protein 1
PRR pathogen recognition receptor
TLR toll-like receptor
TNFα tumour necrosis factor alpha
TRADD TNFR-associated death domain
RIPK1 receptor-interacting protein kinase 1
TRAF2 TNFR-associated factor 2
NF- κB nuclear factor kappa light chain enhancer of activated B cells
cIAP1 cellular inhibitor of apoptosis 1
TAK1 transforming growth factor β (TGFβ)-activated kinase1
TAB TAK1- binding proteins
IKK NF- κB kinase
CLYD Cylindromatosis
FADD fas-associated protein with death domain
ESCRT endosomal sorting complexes required for transport
TRIF toll–IL-1 receptor domain-containing adaptor inducing IFN-β
PGAM5 phosphoglycerate mutase 5
Drp1 dynamin-related protein 1
NP nucleus pulposus
CARD caspase recruitment domain
RHIM RIP homotypic interact motif
zVAD zVAD-fluoromethyl ketone
HT-29 human colon cancer cell line
SMAC second mitochondria-derived activator of caspase

TUNEL
terminal deoxynucleotidyl transferase deoxyuridine triphosphate nick
end labelling

ALT alanine aminotransferase
FK18 full-length cytokeratin 18
HMGB1 high mobility group box 1
GRP glucose regulated protein
HSP heat shock protein
HMGN1 high mobility group nucleosome binding domain 1
CK18 cytokeratin 18
MCAO middle cerebral artery occlusion
MCD methionine and choline-deficient
HFCD high-fat choline-deficient
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IL interlukin
IFN-γ interferon-γ
MCDHF methionine, choline-deficient and high fat
HFD high fat diet
WD western diet
Ptgs2 prostaglandin-endoperoxide synthase 2
Fer-1 ferrostatin-1
LIF leukaemia inhibitor factor
MIP-2 macrophage inflammatory protein
TGF-β transforming growth factor β
Nec-1 necrostatin-1
RGC-5 retinal ganglion cell 5
OGD oxygen glucose deprivation
NSA necrosulfonamide
APAP acetaminophen
SCS static cold storage
MP machine perfusion
VSOP venous systemic oxygen persufflation
IPC ischaemic preconditioning
NMP normothermic machine perfusion

References

1. Nasralla, D.; Coussios, C.C.; Mergental, H.; Akhtar, M.Z.; Butler, A.J.; Ceresa, C.D.L.; Chiocchia, V.;
Dutton, S.J.; García-Valdecasas, J.C.; Heaton, N.; et al. A randomized trial of normothermic preservation in
liver transplantation. Nature 2018, 557, 50–56. [CrossRef] [PubMed]

2. Jadlowiec, C.C.; Taner, T. Liver transplantation: Current status and challenges. World J. Gastroenterol. 2016,
22, 4438–4445. [CrossRef] [PubMed]

3. Neuberger, J. An update on liver transplantation: A critical review. J. Autoimmun. 2016, 66, 51–59. [CrossRef]
4. Vodkin, I.; Kuo, A. Extended Criteria Donors in Liver Transplantation. Clin. Liver Dis. 2017, 21, 289–301.

[CrossRef]
5. Luckett, K.; Kaiser, T.E.; Bari, K.; Safdar, K.; Schoech, M.R.; Apewokin, S.; Diwan, T.S.; Cuffy, M.C.; Anwar, N.;

Shah, S.A. Use of Hepatitis C Virus Antibody-Positive Donor Livers in Hepatitis C Nonviremic Liver
Transplant Recipients. J. Am. Coll. Surg. 2019, 228, 560–567. [CrossRef]

6. Reiling, J.; Forrest, E.; Bridle, K.R.; Britton, L.J.; Santrampurwala, N.; Crawford, D.H.G.; Dejong, C.H.C.;
Fawcett, J. The Implications of the Shift Toward Donation After Circulatory Death in Australia. Transplant.
Direct 2017, 3, e226. [CrossRef] [PubMed]

7. Nemes, B.; Gámán, G.; Polak, W.G.; Gelley, F.; Hara, T.; Ono, S.; Baimakhanov, Z.; Piros, L.; Eguchi, S.
Extended-criteria donors in liver transplantation Part II: Reviewing the impact of extended-criteria donors
on the complications and outcomes of liver transplantation. Expert Rev. Gastroenterol. Hepatol. 2016, 10,
841–859. [CrossRef]

8. Liss, K.H.H.; McCommis, K.S.; Chambers, K.T.; Pietka, T.A.; Schweitzer, G.G.; Park, S.L.; Nalbantoglu, I.;
Weinheimer, C.J.; Hall, A.M.; Finck, B.N. The impact of diet-induced hepatic steatosis in a murine model of
hepatic ischemia/reperfusion injury. Liver Transplant. 2018, 24, 908–921. [CrossRef]

9. Ni, H.-M.; Chao, X.; Kaseff, J.; Deng, F.; Wang, S.; Shi, Y.-H.; Li, T.; Ding, W.-X.; Jaeschke, H.
Receptor-Interacting Serine/Threonine-Protein Kinase 3 (RIPK3)–Mixed Lineage Kinase Domain-Like Protein
(MLKL)–Mediated Necroptosis Contributes to Ischemia-Reperfusion Injury of Steatotic Livers. Am. J. Pathol.
2019, 189, 1363–1374. [CrossRef]

10. Zhong, W.; Wang, X.; Rao, Z.; Pan, X.; Sun, Y.; Jiang, T.; Wang, P.; Zhou, H.; Wang, X. Aging aggravated
liver ischemia and reperfusion injury by promoting hepatocyte necroptosis in an endoplasmic reticulum
stress-dependent manner. Ann. Transl. Med. 2020, 8, 869. [CrossRef]

http://dx.doi.org/10.1038/s41586-018-0047-9
http://www.ncbi.nlm.nih.gov/pubmed/29670285
http://dx.doi.org/10.3748/wjg.v22.i18.4438
http://www.ncbi.nlm.nih.gov/pubmed/27182155
http://dx.doi.org/10.1016/j.jaut.2015.08.021
http://dx.doi.org/10.1016/j.cld.2016.12.004
http://dx.doi.org/10.1016/j.jamcollsurg.2018.12.004
http://dx.doi.org/10.1097/TXD.0000000000000743
http://www.ncbi.nlm.nih.gov/pubmed/29536027
http://dx.doi.org/10.1586/17474124.2016.1149062
http://dx.doi.org/10.1002/lt.25189
http://dx.doi.org/10.1016/j.ajpath.2019.03.010
http://dx.doi.org/10.21037/atm-20-2822


Int. J. Mol. Sci. 2020, 21, 5931 18 of 29

11. Wang, X.; O’Brien, M.E.; Yu, J.; Xu, C.; Zhang, Q.; Lu, S.; Liang, L.; An, X.; McDyer, J.F.; Mallampalli, R.K.
Prolonged Cold Ischemia Induces Necroptotic Cell Death in Ischemia-Reperfusion Injury and Contributes
to Primary Graft Dysfunction after Lung Transplantation. Am. J. Respir. Cell Mol. Biol. 2019, 61, 244–256.
[CrossRef] [PubMed]

12. Jay, C.L.; Lyuksemburg, V.; Ladner, D.P.; Wang, E.; Caicedo, J.C.; Holl, J.L.; Abecassis, M.M.; Skaro, A.I.
Ischemic cholangiopathy after controlled donation after cardiac death liver transplantation: A meta-analysis.
Ann. Surg. 2011, 253, 259–264. [CrossRef] [PubMed]

13. Ramachandran, S.; Liaw, J.M.; Jia, J.; Glasgow, S.C.; Liu, W.; Csontos, K.; Upadhya, G.A.; Mohanakumar, T.;
Chapman, W.C. Ischemia-reperfusion injury in rat steatotic liver is dependent on NFkappaB P65 activation.
Transpl. Immunol. 2012, 26, 201–206. [CrossRef] [PubMed]

14. van Goor, H.; Rosman, C.; Grond, J.; Kooi, K.; Wubbels, G.H.; Bleichrodt, R.P. Translocation of bacteria and
endotoxin in organ donors. Arch. Surg. 1994, 129, 1063–1066. [CrossRef]

15. Vajdova, K.; Smrekova, R.; Kukan, M.; Jakubovsky, J.; van Rooijen, N.; Horecky, J.; Lutterova, M.; Wsolova, L.
Endotoxin-induced aggravation of preservation-reperfusion injury of rat liver and its modulation. J. Hepatol.
2000, 32, 112–120. [CrossRef]

16. Kojima, T.; Yamamoto, T.; Murata, M.; Chiba, H.; Kokai, Y.; Sawada, N. Regulation of the blood-biliary
barrier: Interaction between gap and tight junctions in hepatocytes. Med. Electron Microsc. 2003, 36, 157–164.
[CrossRef]

17. Sherif, Z.A.; Saeed, A.; Ghavimi, S.; Nouraie, S.M.; Laiyemo, A.O.; Brim, H.; Ashktorab, H. Global
Epidemiology of Nonalcoholic Fatty Liver Disease and Perspectives on US Minority Populations. Dig. Dis.
Sci. 2016, 61, 1214–1225. [CrossRef]

18. Rinella, M.E.; Alonso, E.; Rao, S.; Whitington, P.; Fryer, J.; Abecassis, M.; Superina, R.; Flamm, S.L.; Blei, A.T.
Body mass index as a predictor of hepatic steatosis in living liver donors. Liver Transplant. 2001, 7, 409–414.
[CrossRef]

19. Shamsaeefar, A.; Nikeghbalian, S.; Kazemi, K.; Mansorian, M.; Gholami, S.; Motazedian, N.;
Malekhosseini, S.A. Discarded organs at Shiraz Transplant Center. Exp. Clin. Transpl. 2014, 12 (Suppl. 1),
178–181.

20. Hamar, M.; Selzner, M. Steatotic donor livers: Where is the risk-benefit maximized? Liver Transplant. 2017,
23, S34–S39. [CrossRef]

21. D’Alessandro, A.M.; Kalayoglu, M.; Sollinger, H.W.; Hoffmann, R.M.; Reed, A.; Knechtle, S.J.; Pirsch, J.D.;
Hafez, G.R.; Lorentzen, D.; Belzer, F.O. The predictive value of donor liver biopsies for the development of
primary nonfunction after orthotopic liver transplantation. Transplantation 1991, 51, 157–163. [CrossRef]

22. Chu, M.J.; Dare, A.J.; Phillips, A.R.; Bartlett, A.S. Donor Hepatic Steatosis and Outcome After Liver
Transplantation: A Systematic Review. J. Gastrointest. Surg. 2015, 19, 1713–1724. [CrossRef]

23. McCormack, L.; Dutkowski, P.; El-Badry, A.M.; Clavien, P.-A. Liver transplantation using fatty livers: Always
feasible? J. Hepatol. 2011, 54, 1055–1062. [CrossRef] [PubMed]

24. Crowley, H.; Lewis, W.D.; Gordon, F.; Jenkins, R.; Khettry, U. Steatosis in donor and transplant liver biopsies.
Hum. Pathol. 2000, 31, 1209–1213. [CrossRef] [PubMed]

25. Briceno, J.; Solorzano, G.; Pera, C. A proposal for scoring marginal liver grafts. Transpl. Int. 2000, 13 (Suppl. 1),
S249–S252. [CrossRef] [PubMed]

26. Sharkey, F.E.; Lytvak, I.; Prihoda, T.J.; Speeg, K.V.; Washburn, W.K.; Halff, G.A. High-grade microsteatosis and
delay in hepatic function after orthotopic liver transplantation. Hum. Pathol. 2011, 42, 1337–1342. [CrossRef]

27. Verran, D.; Kusyk, T.; Painter, D.; Fisher, J.; Koorey, D.; Strasser, S.; Stewart, G.; McCaughan, G.
Clinical experience gained from the use of 120 steatotic donor livers for orthotopic liver transplantation.
Liver Transplant. 2003, 9, 500–505. [CrossRef] [PubMed]

28. Perez-Daga, J.A.; Santoyo, J.; Suarez, M.A.; Fernandez-Aguilar, J.A.; Ramirez, C.; Rodriguez-Canete, A.;
Aranda, J.M.; Sanchez-Perez, B.; Montiel, C.; Palomo, D.; et al. Influence of degree of hepatic steatosis on
graft function and postoperative complications of liver transplantation. Transplant. Proc. 2006, 38, 2468–2470.
[CrossRef] [PubMed]

29. Ploeg, R.J.; D’Alessandro, A.M.; Knechtle, S.J.; Stegall, M.D.; Pirsch, J.D.; Hoffmann, R.M.; Sasaki, T.;
Sollinger, H.W.; Belzer, F.O.; Kalayoglu, M. Risk factors for primary dysfunction after liver transplantation—A
multivariate analysis. Transplantation 1993, 55, 807–813. [CrossRef] [PubMed]

http://dx.doi.org/10.1165/rcmb.2018-0207OC
http://www.ncbi.nlm.nih.gov/pubmed/30742487
http://dx.doi.org/10.1097/SLA.0b013e318204e658
http://www.ncbi.nlm.nih.gov/pubmed/21245668
http://dx.doi.org/10.1016/j.trim.2012.01.001
http://www.ncbi.nlm.nih.gov/pubmed/22286145
http://dx.doi.org/10.1001/archsurg.1994.01420340077014
http://dx.doi.org/10.1016/S0168-8278(00)80197-X
http://dx.doi.org/10.1007/s00795-003-0220-5
http://dx.doi.org/10.1007/s10620-016-4143-0
http://dx.doi.org/10.1053/jlts.2001.23787
http://dx.doi.org/10.1002/lt.24826
http://dx.doi.org/10.1097/00007890-199101000-00024
http://dx.doi.org/10.1007/s11605-015-2832-1
http://dx.doi.org/10.1016/j.jhep.2010.11.004
http://www.ncbi.nlm.nih.gov/pubmed/21145846
http://dx.doi.org/10.1053/hupa.2000.18473
http://www.ncbi.nlm.nih.gov/pubmed/11070113
http://dx.doi.org/10.1111/j.1432-2277.2000.tb02029.x
http://www.ncbi.nlm.nih.gov/pubmed/11112005
http://dx.doi.org/10.1016/j.humpath.2010.12.004
http://dx.doi.org/10.1053/jlts.2003.50099
http://www.ncbi.nlm.nih.gov/pubmed/12740794
http://dx.doi.org/10.1016/j.transproceed.2006.08.077
http://www.ncbi.nlm.nih.gov/pubmed/17097969
http://dx.doi.org/10.1097/00007890-199304000-00024
http://www.ncbi.nlm.nih.gov/pubmed/8475556


Int. J. Mol. Sci. 2020, 21, 5931 19 of 29

30. Chui, A.K.; Haghighi, K.; Painter, D.; Jayasundera, M.; Hall, G.; Rao, A.R.; Verran, D.J.; McCaughan, G.W.;
Sheil, A.G. Donor fatty (steatotic) liver allografts in orthotopic liver transplantation. Transplant. Proc. 1998,
30, 3286–3287. [CrossRef]

31. Zhang, Q.Y.; Zhang, Q.F.; Zhang, D.Z. The Impact of Steatosis on the Outcome of Liver Transplantation:
A Meta-Analysis. BioMed Res. Int. 2019, 2019, 3962785. [CrossRef] [PubMed]

32. Hui, A.-M.; Kawasaki, S.; Makuuchi, M.; Nakayama, J.; Ikegami, T.; Miyagawa, S. Liver injury following
normothermic ischemia in steatotic rat liver. Hepatology 1994, 20, 1287–1293. [CrossRef] [PubMed]

33. Wada, K.; Fujimoto, K.; Fujikawa, Y.; Shibayama, Y.; Mitsui, H.; Nakata, K. Sinusoidal Stenosis As The Cause
Of Portal Hypertension In Choline Deficient Diet Induced Fatty Cirrhosis Of The Rat Liver. Pathol. Int. 1974,
24, 207–217. [CrossRef]

34. Ijaz, S.; Yang, W.; Winslet, M.C.; Seifalian, A.M. Impairment of Hepatic Microcirculation in Fatty Liver.
Microcirculation 2003, 10, 447–456. [CrossRef] [PubMed]

35. Todo, S.; Demetris, A.J.; Makowka, L.; Teperman, L.; Podesta, L.; Shaver, T.; Tzakis, A.; Starzl, T.E. Primary
nonfunction of hepatic allografts with preexisting fatty infiltration. Transplantation 1989, 47, 903–905.
[CrossRef]

36. Angelico, M. Donor liver steatosis and graft selection for liver transplantation: A short review. Eur. Rev.
Med. Pharmacol. Sci. 2005, 9, 295–297.

37. Chavin, K.D.; Yang, S.; Lin, H.Z.; Chatham, J.; Chacko, V.P.; Hoek, J.B.; Walajtys-Rode, E.; Rashid, A.;
Chen, C.H.; Huang, C.C.; et al. Obesity induces expression of uncoupling protein-2 in hepatocytes and
promotes liver ATP depletion. J. Biol. Chem. 1999, 274, 5692–5700. [CrossRef]

38. El-Badry, A.M.; Moritz, W.; Contaldo, C.; Tian, Y.; Graf, R.; Clavien, P.-A. Prevention of reperfusion injury and
microcirculatory failure in macrosteatotic mouse liver by omega-3 fatty acids. Hepatology 2007, 45, 855–863.
[CrossRef]

39. Videla, L.A.; Rodrigo, R.; Araya, J.; Poniachik, J. Oxidative stress and depletion of hepatic long-chain
polyunsaturated fatty acids may contribute to nonalcoholic fatty liver disease. Free Radic. Biol. Med. 2004, 37,
1499–1507. [CrossRef]

40. Clavien, P.A.; Harvey, P.R.; Strasberg, S.M. Preservation and reperfusion injuries in liver allografts.
An overview and synthesis of current studies. Transplantation 1992, 53, 957–978. [CrossRef]

41. Crismale, J.F.; Ahmad, J. Endoscopic Management of Biliary Issues in the Liver Transplant Patient. Gastrointest.
Endosc. Clin. N. Am. 2019, 29, 237–256. [CrossRef] [PubMed]

42. Bekheit, M.; Catanzano, M.; Shand, S.; Ahmed, I.; El Kayal, E.S.; Shehata, G.M.; Zaki, A. The role of graft
reperfusion sequence in the development of non-anastomotic biliary strictures following orthotopic liver
transplantation: A meta-analysis. Hepatobiliary Pancreat. Dis. Int. 2019, 18, 4–11. [CrossRef] [PubMed]

43. Macías-Gómez, C.; Dumonceau, J.M. Endoscopic management of biliary complications after liver
transplantation: An evidence-based review. World J. Gastrointest. Endosc. 2015, 7, 606–616. [CrossRef]
[PubMed]

44. DeOliveira, M.L.; Jassem, W.; Valente, R.; Khorsandi, S.E.; Santori, G.; Prachalias, A.; Srinivasan, P.; Rela, M.;
Heaton, N. Biliary complications after liver transplantation using grafts from donors after cardiac death:
Results from a matched control study in a single large volume center. Ann. Surg. 2011, 254, 716–722;
discussion 722–723. [CrossRef]

45. Zhai, Y.; Busuttil, R.W.; Kupiec-Weglinski, J.W. Liver ischemia and reperfusion injury: New insights into
mechanisms of innate-adaptive immune-mediated tissue inflammation. Am. J. Transplant. 2011, 11, 1563–1569.
[CrossRef]

46. Kowaltowski, A.J.; Castilho, R.F.; Grijalba, M.T.; Bechara, E.J.; Vercesi, A.E. Effect of inorganic phosphate
concentration on the nature of inner mitochondrial membrane alterations mediated by Ca2+ ions. A proposed
model for phosphate-stimulated lipid peroxidation. J. Biol. Chem. 1996, 271, 2929–2934. [CrossRef]

47. Russ, A.L.; Haberstroh, K.M.; Rundell, A.E. Experimental strategies to improve in vitro models of renal
ischemia. Exp. Mol. Pathol. 2007, 83, 143–159. [CrossRef]

48. Wu, M.Y.; Yiang, G.T.; Liao, W.T.; Tsai, A.P.Y.; Cheng, Y.L.; Cheng, P.W.; Li, C.Y.; Li, C.J. Current Mechanistic
Concepts in Ischemia and Reperfusion Injury. Cell. Physiol. Biochem. 2018, 46, 1650–1667. [CrossRef]

49. Selzner, M.; Selzner, N.; Jochum, W.; Graf, R.; Clavien, P.A. Increased ischemic injury in old mouse liver:
An ATP-dependent mechanism. Liver Transplant. 2007, 13, 382–390. [CrossRef]

http://dx.doi.org/10.1016/S0041-1345(98)01032-X
http://dx.doi.org/10.1155/2019/3962785
http://www.ncbi.nlm.nih.gov/pubmed/31218224
http://dx.doi.org/10.1002/hep.1840200528
http://www.ncbi.nlm.nih.gov/pubmed/7927264
http://dx.doi.org/10.1111/j.1440-1827.1974.tb00818.x
http://dx.doi.org/10.1038/sj.mn.7800206
http://www.ncbi.nlm.nih.gov/pubmed/14745457
http://dx.doi.org/10.1097/00007890-198905000-00034
http://dx.doi.org/10.1074/jbc.274.9.5692
http://dx.doi.org/10.1002/hep.21625
http://dx.doi.org/10.1016/j.freeradbiomed.2004.06.033
http://dx.doi.org/10.1097/00007890-199205000-00001
http://dx.doi.org/10.1016/j.giec.2018.11.003
http://www.ncbi.nlm.nih.gov/pubmed/30846151
http://dx.doi.org/10.1016/j.hbpd.2018.12.003
http://www.ncbi.nlm.nih.gov/pubmed/30579736
http://dx.doi.org/10.4253/wjge.v7.i6.606
http://www.ncbi.nlm.nih.gov/pubmed/26078829
http://dx.doi.org/10.1097/SLA.0b013e318235c572
http://dx.doi.org/10.1111/j.1600-6143.2011.03579.x
http://dx.doi.org/10.1074/jbc.271.6.2929
http://dx.doi.org/10.1016/j.yexmp.2007.03.002
http://dx.doi.org/10.1159/000489241
http://dx.doi.org/10.1002/lt.21100


Int. J. Mol. Sci. 2020, 21, 5931 20 of 29

50. Lemasters, J.J.; Ji, S.; Thurman, R.G. Centrilobular injury following hypoxia in isolated, perfused rat liver.
Science 1981, 213, 661–663. [CrossRef]

51. Bilzer, M.; Gerbes, A.L. Preservation injury of the liver: Mechanisms and novel therapeutic strategies.
J. Hepatol. 2000, 32, 508–515. [CrossRef]

52. Lentsch, A.B.; Kato, A.; Yoshidome, H.; McMasters, K.M.; Edwards, M.J. Inflammatory mechanisms and
therapeutic strategies for warm hepatic ischemia/reperfusion injury. Hepatology 2000, 32, 169–173. [CrossRef]
[PubMed]

53. Weisiger, R.A.; Fridovich, I. Superoxide Dismutase: ORGANELLE SPECIFICITY. J. Biol. Chem. 1973, 248,
3582–3592.

54. Nieminen, A.L.; Gores, G.J.; Wray, B.E.; Tanaka, Y.; Herman, B.; Lemasters, J.J. Calcium dependence of bleb
formation and cell death in hepatocytes. Cell Calcium 1988, 9, 237–246. [CrossRef]

55. Miura, M. Active participation of cell death in development and organismal homeostasis. Dev. Growth Differ.
2011, 53, 125–136. [CrossRef] [PubMed]

56. Kerr, J.F.; Wyllie, A.H.; Currie, A.R. Apoptosis: A basic biological phenomenon with wide-ranging
implications in tissue kinetics. Br. J. Cancer 1972, 26, 239–257. [CrossRef]

57. Ziegler, U.; Groscurth, P. Morphological features of cell death. News Phys. Sci. 2004, 19, 124–128. [CrossRef]
58. Davidovich, P.; Kearney, C.J.; Martin, S.J. Inflammatory outcomes of apoptosis, necrosis and necroptosis.

Biol. Chem. 2014, 395, 1163–1171. [CrossRef]
59. Martin, S.J.; Henry, C.M. Distinguishing between apoptosis, necrosis, necroptosis and other cell death

modalities. Methods 2013, 61, 87–89. [CrossRef]
60. D’Arcy, M.S. Cell death: A review of the major forms of apoptosis, necrosis and autophagy. Cell Biol. Int.

2019, 43, 582–592. [CrossRef]
61. Holmes, T. St. George’s Hospital: Case Of Necrosis Of The Ulna Following Diffuse Inflammation After

Injury (And Probably Simple Fracture): Removal Of A Sequestrum Involving The Whole Shaft Of The Bone
For Seven Inches Of Its Length. Assoc. Med. J. 1856, 4, 1029. [CrossRef] [PubMed]

62. Gulliver, G. On Necrosis; being an experimental inquiry into the agency ascribed to the absorbents, in the
removal of the sequestrum. Med. Chir. Trans. 1838, 21, 1–19. [CrossRef] [PubMed]

63. Cho, Y.S.; Challa, S.; Moquin, D.; Genga, R.; Ray, T.D.; Guildford, M.; Chan, F.K. Phosphorylation-driven
assembly of the RIP1-RIP3 complex regulates programmed necrosis and virus-induced inflammation.
Cell 2009, 137, 1112–1123. [CrossRef] [PubMed]

64. Linkermann, A.; Green, D.R. Necroptosis. N. Engl. J. Med. 2014, 370, 455–465. [CrossRef]
65. Vanden Berghe, T.; Linkermann, A.; Jouan-Lanhouet, S.; Walczak, H.; Vandenabeele, P. Regulated necrosis:

The expanding network of non-apoptotic cell death pathways. Nat. Rev. Mol. Cell Biol. 2014, 15, 135–147.
[CrossRef]

66. Kaczmarek, A.; Vandenabeele, P.; Krysko, D.V. Necroptosis: The release of damage-associated molecular
patterns and its physiological relevance. Immunity 2013, 38, 209–223. [CrossRef]

67. Vanden Berghe, T.; Vanlangenakker, N.; Parthoens, E.; Deckers, W.; Devos, M.; Festjens, N.; Guerin, C.J.;
Brunk, U.T.; Declercq, W.; Vandenabeele, P. Necroptosis, necrosis and secondary necrosis converge on similar
cellular disintegration features. Cell Death Differ. 2010, 17, 922–930. [CrossRef]

68. Krysko, D.V.; Vanden Berghe, T.; D’Herde, K.; Vandenabeele, P. Apoptosis and necrosis: Detection,
discrimination and phagocytosis. Methods 2008, 44, 205–221. [CrossRef]

69. Tonnus, W.; Linkermann, A. The in vivo evidence for regulated necrosis. Immunol. Rev. 2017, 277, 128–149.
[CrossRef]

70. Krysko, D.V.; Agostinis, P.; Krysko, O.; Garg, A.D.; Bachert, C.; Lambrecht, B.N.; Vandenabeele, P. Emerging
role of damage-associated molecular patterns derived from mitochondria in inflammation. Trends Immunol.
2011, 32, 157–164. [CrossRef]

71. Galluzzi, L.; Kepp, O.; Chan, F.K.; Kroemer, G. Necroptosis: Mechanisms and Relevance to Disease. Annu.
Rev. Pathol. 2017, 12, 103–130. [CrossRef] [PubMed]

72. He, S.; Wang, L.; Miao, L.; Wang, T.; Du, F.; Zhao, L.; Wang, X. Receptor interacting protein kinase-3
determines cellular necrotic response to TNF-alpha. Cell 2009, 137, 1100–1111. [CrossRef] [PubMed]

73. Li, S.; Ning, L.G.; Lou, X.H.; Xu, G.Q. Necroptosis in inflammatory bowel disease and other intestinal
diseases. World J. Clin. Cases 2018, 6, 745–752. [CrossRef] [PubMed]

http://dx.doi.org/10.1126/science.7256265
http://dx.doi.org/10.1016/S0168-8278(00)80404-3
http://dx.doi.org/10.1053/jhep.2000.9323
http://www.ncbi.nlm.nih.gov/pubmed/10915720
http://dx.doi.org/10.1016/0143-4160(88)90004-8
http://dx.doi.org/10.1111/j.1440-169X.2010.01228.x
http://www.ncbi.nlm.nih.gov/pubmed/21338339
http://dx.doi.org/10.1038/bjc.1972.33
http://dx.doi.org/10.1152/nips.01519.2004
http://dx.doi.org/10.1515/hsz-2014-0164
http://dx.doi.org/10.1016/j.ymeth.2013.06.001
http://dx.doi.org/10.1002/cbin.11137
http://dx.doi.org/10.1136/bmj.s3-4.205.1029
http://www.ncbi.nlm.nih.gov/pubmed/20741431
http://dx.doi.org/10.1177/095952873802100102
http://www.ncbi.nlm.nih.gov/pubmed/20895650
http://dx.doi.org/10.1016/j.cell.2009.05.037
http://www.ncbi.nlm.nih.gov/pubmed/19524513
http://dx.doi.org/10.1056/NEJMra1310050
http://dx.doi.org/10.1038/nrm3737
http://dx.doi.org/10.1016/j.immuni.2013.02.003
http://dx.doi.org/10.1038/cdd.2009.184
http://dx.doi.org/10.1016/j.ymeth.2007.12.001
http://dx.doi.org/10.1111/imr.12551
http://dx.doi.org/10.1016/j.it.2011.01.005
http://dx.doi.org/10.1146/annurev-pathol-052016-100247
http://www.ncbi.nlm.nih.gov/pubmed/27959630
http://dx.doi.org/10.1016/j.cell.2009.05.021
http://www.ncbi.nlm.nih.gov/pubmed/19524512
http://dx.doi.org/10.12998/wjcc.v6.i14.745
http://www.ncbi.nlm.nih.gov/pubmed/30510938


Int. J. Mol. Sci. 2020, 21, 5931 21 of 29

74. Degterev, A.; Huang, Z.; Boyce, M.; Li, Y.; Jagtap, P.; Mizushima, N.; Cuny, G.D.; Mitchison, T.J.;
Moskowitz, M.A.; Yuan, J. Chemical inhibitor of nonapoptotic cell death with therapeutic potential for
ischemic brain injury. Nat. Chem. Biol. 2005, 1, 112–119. [CrossRef] [PubMed]

75. Linkermann, A.; Brasen, J.H.; Darding, M.; Jin, M.K.; Sanz, A.B.; Heller, J.O.; De Zen, F.; Weinlich, R.; Ortiz, A.;
Walczak, H.; et al. Two independent pathways of regulated necrosis mediate ischemia-reperfusion injury.
Proc. Natl. Acad. Sci. USA 2013, 110, 12024–12029. [CrossRef] [PubMed]

76. Wang, Y.; Hao, Q.; Florence, J.M.; Jung, B.G.; Kurdowska, A.K.; Samten, B.; Idell, S.; Tang, H. Influenza Virus
Infection Induces ZBP1 Expression and Necroptosis in Mouse Lungs. Front. Cell. Infect. Microbiol. 2019,
9, 286. [CrossRef]

77. Dhuriya, Y.K.; Sharma, D. Necroptosis: A regulated inflammatory mode of cell death. J. Neuroinflamm. 2018,
15, 199. [CrossRef]

78. Huang, Z.; Zhou, T.; Sun, X.; Zheng, Y.; Cheng, B.; Li, M.; Liu, X.; He, C. Necroptosis in microglia contributes
to neuroinflammation and retinal degeneration through TLR4 activation. Cell Death Differ. 2018, 25, 180–189.
[CrossRef]

79. Ros, U.; Peña-Blanco, A.; Hänggi, K.; Kunzendorf, U.; Krautwald, S.; Wong, W.W.; García-Sáez, A.J.
Necroptosis Execution Is Mediated by Plasma Membrane Nanopores Independent of Calcium. Cell Rep.
2017, 19, 175–187. [CrossRef]

80. Vanlangenakker, N.; Bertrand, M.J.M.; Bogaert, P.; Vandenabeele, P.; Vanden Berghe, T. TNF-induced
necroptosis in L929 cells is tightly regulated by multiple TNFR1 complex I and II members. Cell Death Dis.
2011, 2, e230. [CrossRef]

81. Häcker, H.; Karin, M. Regulation and function of IKK and IKK-related kinases. Sci. STKE 2006, 2006, re13.
[CrossRef] [PubMed]

82. Hitomi, J.; Christofferson, D.E.; Ng, A.; Yao, J.; Degterev, A.; Xavier, R.J.; Yuan, J. Identification of a molecular
signaling network that regulates a cellular necrotic cell death pathway. Cell 2008, 135, 1311–1323. [CrossRef]
[PubMed]

83. O’Donnell, M.A.; Legarda-Addison, D.; Skountzos, P.; Yeh, W.C.; Ting, A.T. Ubiquitination of RIP1 regulates
an NF-kappaB-independent cell-death switch in TNF signaling. Curr. Biol. 2007, 17, 418–424. [CrossRef]
[PubMed]

84. Moriwaki, K.; Chan, F.K.-M. RIP3: A molecular switch for necrosis and inflammation. Genes Dev. 2013, 27,
1640–1649. [CrossRef]

85. Li, J.; McQuade, T.; Siemer, A.B.; Napetschnig, J.; Moriwaki, K.; Hsiao, Y.S.; Damko, E.; Moquin, D.; Walz, T.;
McDermott, A.; et al. The RIP1/RIP3 necrosome forms a functional amyloid signaling complex required for
programmed necrosis. Cell 2012, 150, 339–350. [CrossRef] [PubMed]

86. Cai, Z.; Jitkaew, S.; Zhao, J.; Chiang, H.C.; Choksi, S.; Liu, J.; Ward, Y.; Wu, L.G.; Liu, Z.G. Plasma membrane
translocation of trimerized MLKL protein is required for TNF-induced necroptosis. Nat. Cell Biol. 2014, 16,
55–65. [CrossRef] [PubMed]

87. Sun, L.; Wang, H.; Wang, Z.; He, S.; Chen, S.; Liao, D.; Wang, L.; Yan, J.; Liu, W.; Lei, X.; et al. Mixed lineage
kinase domain-like protein mediates necrosis signaling downstream of RIP3 kinase. Cell 2012, 148, 213–227.
[CrossRef] [PubMed]

88. Zhao, J.; Jitkaew, S.; Cai, Z.; Choksi, S.; Li, Q.; Luo, J.; Liu, Z.G. Mixed lineage kinase domain-like is a key
receptor interacting protein 3 downstream component of TNF-induced necrosis. Proc. Natl. Acad. Sci. USA
2012, 109, 5322–5327. [CrossRef]

89. Gong, Y.N.; Guy, C.; Olauson, H.; Becker, J.U.; Yang, M.; Fitzgerald, P.; Linkermann, A.; Green, D.R. ESCRT-III
Acts Downstream of MLKL to Regulate Necroptotic Cell Death and Its Consequences. Cell 2017, 169,
286–300.e216. [CrossRef]

90. Zargarian, S.; Shlomovitz, I.; Erlich, Z.; Hourizadeh, A.; Ofir-Birin, Y.; Croker, B.A.; Regev-Rudzki, N.;
Edry-Botzer, L.; Gerlic, M. Phosphatidylserine externalization, "necroptotic bodies" release, and phagocytosis
during necroptosis. PLoS Biol. 2017, 15, e2002711. [CrossRef]

91. Zhao, H.; Jaffer, T.; Eguchi, S.; Wang, Z.; Linkermann, A.; Ma, D. Role of necroptosis in the pathogenesis of
solid organ injury. Cell Death Dis. 2015, 6, e1975. [CrossRef] [PubMed]

92. Pefanis, A.; Ierino, F.L.; Murphy, J.M.; Cowan, P.J. Regulated necrosis in kidney ischemia-reperfusion injury.
Kidney Int. 2019, 96, 291–301. [CrossRef] [PubMed]

http://dx.doi.org/10.1038/nchembio711
http://www.ncbi.nlm.nih.gov/pubmed/16408008
http://dx.doi.org/10.1073/pnas.1305538110
http://www.ncbi.nlm.nih.gov/pubmed/23818611
http://dx.doi.org/10.3389/fcimb.2019.00286
http://dx.doi.org/10.1186/s12974-018-1235-0
http://dx.doi.org/10.1038/cdd.2017.141
http://dx.doi.org/10.1016/j.celrep.2017.03.024
http://dx.doi.org/10.1038/cddis.2011.111
http://dx.doi.org/10.1126/stke.3572006re13
http://www.ncbi.nlm.nih.gov/pubmed/17047224
http://dx.doi.org/10.1016/j.cell.2008.10.044
http://www.ncbi.nlm.nih.gov/pubmed/19109899
http://dx.doi.org/10.1016/j.cub.2007.01.027
http://www.ncbi.nlm.nih.gov/pubmed/17306544
http://dx.doi.org/10.1101/gad.223321.113
http://dx.doi.org/10.1016/j.cell.2012.06.019
http://www.ncbi.nlm.nih.gov/pubmed/22817896
http://dx.doi.org/10.1038/ncb2883
http://www.ncbi.nlm.nih.gov/pubmed/24316671
http://dx.doi.org/10.1016/j.cell.2011.11.031
http://www.ncbi.nlm.nih.gov/pubmed/22265413
http://dx.doi.org/10.1073/pnas.1200012109
http://dx.doi.org/10.1016/j.cell.2017.03.020
http://dx.doi.org/10.1371/journal.pbio.2002711
http://dx.doi.org/10.1038/cddis.2015.316
http://www.ncbi.nlm.nih.gov/pubmed/26583318
http://dx.doi.org/10.1016/j.kint.2019.02.009
http://www.ncbi.nlm.nih.gov/pubmed/31005270


Int. J. Mol. Sci. 2020, 21, 5931 22 of 29

93. Chan, F.K.; Shisler, J.; Bixby, J.G.; Felices, M.; Zheng, L.; Appel, M.; Orenstein, J.; Moss, B.; Lenardo, M.J.
A role for tumor necrosis factor receptor-2 and receptor-interacting protein in programmed necrosis and
antiviral responses. J. Biol. Chem. 2003, 278, 51613–51621. [CrossRef] [PubMed]

94. Holler, N.; Zaru, R.; Micheau, O.; Thome, M.; Attinger, A.; Valitutti, S.; Bodmer, J.L.; Schneider, P.; Seed, B.;
Tschopp, J. Fas triggers an alternative, caspase-8-independent cell death pathway using the kinase RIP as
effector molecule. Nat. Immunol. 2000, 1, 489–495. [CrossRef] [PubMed]

95. Ofengeim, D.; Yuan, J. Regulation of RIP1 kinase signalling at the crossroads of inflammation and cell death.
Nat. Rev. Mol. Cell Biol. 2013, 14, 727–736. [CrossRef]

96. Sun, X.; Yin, J.; Starovasnik, M.A.; Fairbrother, W.J.; Dixit, V.M. Identification of a novel homotypic interaction
motif required for the phosphorylation of receptor-interacting protein (RIP) by RIP3. J. Biol. Chem. 2002, 277,
9505–9511. [CrossRef]

97. Park, Y.H.; Jeong, M.S.; Park, H.H.; Jang, S.B. Formation of the death domain complex between FADD and
RIP1 proteins in vitro. Biochim. Biophys. Acta 2013, 1834, 292–300. [CrossRef]

98. O’Donnell, M.A.; Perez-Jimenez, E.; Oberst, A.; Ng, A.; Massoumi, R.; Xavier, R.; Green, D.R.; Ting, A.T.
Caspase 8 inhibits programmed necrosis by processing CYLD. Nat. Cell Biol. 2011, 13, 1437–1442. [CrossRef]

99. Moquin, D.M.; McQuade, T.; Chan, F.K. CYLD deubiquitinates RIP1 in the TNFalpha-induced necrosome to
facilitate kinase activation and programmed necrosis. PLoS ONE 2013, 8, e76841. [CrossRef]

100. Afonso, M.B.; Rodrigues, P.M.; Simão, A.L.; Ofengeim, D.; Carvalho, T.; Amaral, J.D.; Gaspar, M.M.;
Cortez-Pinto, H.; Castro, R.E.; Yuan, J.; et al. Activation of necroptosis in human and experimental cholestasis.
Cell Death Dis. 2016, 7, e2390. [CrossRef]

101. Majdi, A.; Aoudjehane, L.; Ratziu, V.; Islam, T.; Afonso, M.B.; Conti, F.; Mestiri, T.; Lagouge, M.; Foufelle, F.;
Ballenghien, F.; et al. Inhibition of receptor-interacting protein kinase 1 improves experimental non-alcoholic
fatty liver disease. J. Hepatol. 2020, 72, 627–635. [CrossRef]

102. Kasof, G.M.; Prosser, J.C.; Liu, D.; Lorenzi, M.V.; Gomes, B.C. The RIP-like kinase, RIP3, induces apoptosis and
NF-kappaB nuclear translocation and localizes to mitochondria. FEBS Lett. 2000, 473, 285–291. [CrossRef]

103. Feng, S.; Yang, Y.; Mei, Y.; Ma, L.; Zhu, D.E.; Hoti, N.; Castanares, M.; Wu, M. Cleavage of RIP3 inactivates its
caspase-independent apoptosis pathway by removal of kinase domain. Cell. Signal. 2007, 19, 2056–2067.
[CrossRef] [PubMed]

104. Kaiser, W.J.; Upton, J.W.; Long, A.B.; Livingston-Rosanoff, D.; Daley-Bauer, L.P.; Hakem, R.; Caspary, T.;
Mocarski, E.S. RIP3 mediates the embryonic lethality of caspase-8-deficient mice. Nature 2011, 471, 368–372.
[CrossRef] [PubMed]

105. Roychowdhury, S.; McMullen, M.R.; Pisano, S.G.; Liu, X.; Nagy, L.E. Absence of receptor interacting protein
kinase 3 prevents ethanol-induced liver injury. Hepatology 2013, 57, 1773–1783. [CrossRef] [PubMed]

106. Wang, S.; Ni, H.M.; Dorko, K.; Kumer, S.C.; Schmitt, T.M.; Nawabi, A.; Komatsu, M.; Huang, H.; Ding, W.X.
Increased hepatic receptor interacting protein kinase 3 expression due to impaired proteasomal functions
contributes to alcohol-induced steatosis and liver injury. Oncotarget 2016, 7, 17681–17698. [CrossRef]

107. Afonso, M.B.; Rodrigues, P.M.; Carvalho, T.; Caridade, M.; Borralho, P.; Cortez-Pinto, H.; Castro, R.E.;
Rodrigues, C.M.P. Necroptosis is a key pathogenic event in human and experimental murine models of
non-alcoholic steatohepatitis. Clin. Sci. 2015, 10.1042/cs20140732. [CrossRef]

108. Linkermann, A.; De Zen, F.; Weinberg, J.; Kunzendorf, U.; Krautwald, S. Programmed necrosis in acute
kidney injury. Nephrol. Dial. Transplant. 2012, 27, 3412–3419. [CrossRef]

109. Liedtke, C.; Bangen, J.M.; Freimuth, J.; Beraza, N.; Lambertz, D.; Cubero, F.J.; Hatting, M.; Karlmark, K.R.;
Streetz, K.L.; Krombach, G.A.; et al. Loss of caspase-8 protects mice against inflammation-related
hepatocarcinogenesis but induces non-apoptotic liver injury. Gastroenterology 2011, 141, 2176–2187. [CrossRef]

110. Ch’en, I.L.; Tsau, J.S.; Molkentin, J.D.; Komatsu, M.; Hedrick, S.M. Mechanisms of necroptosis in T cells.
J. Exp. Med. 2011, 208, 633–641. [CrossRef]

111. Mulay, S.R.; Desai, J.; Kumar, S.V.; Eberhard, J.N.; Thomasova, D.; Romoli, S.; Grigorescu, M.; Kulkarni, O.P.;
Popper, B.; Vielhauer, V.; et al. Cytotoxicity of crystals involves RIPK3-MLKL-mediated necroptosis.
Nat. Commun. 2016, 7, 10274. [CrossRef] [PubMed]

112. Hildebrand, J.M.; Tanzer, M.C.; Lucet, I.S.; Young, S.N.; Spall, S.K.; Sharma, P.; Pierotti, C.; Garnier, J.M.;
Dobson, R.C.; Webb, A.I.; et al. Activation of the pseudokinase MLKL unleashes the four-helix bundle
domain to induce membrane localization and necroptotic cell death. Proc. Natl. Acad. Sci. USA 2014, 111,
15072–15077. [CrossRef] [PubMed]

http://dx.doi.org/10.1074/jbc.M305633200
http://www.ncbi.nlm.nih.gov/pubmed/14532286
http://dx.doi.org/10.1038/82732
http://www.ncbi.nlm.nih.gov/pubmed/11101870
http://dx.doi.org/10.1038/nrm3683
http://dx.doi.org/10.1074/jbc.M109488200
http://dx.doi.org/10.1016/j.bbapap.2012.08.013
http://dx.doi.org/10.1038/ncb2362
http://dx.doi.org/10.1371/journal.pone.0076841
http://dx.doi.org/10.1038/cddis.2016.280
http://dx.doi.org/10.1016/j.jhep.2019.11.008
http://dx.doi.org/10.1016/S0014-5793(00)01473-3
http://dx.doi.org/10.1016/j.cellsig.2007.05.016
http://www.ncbi.nlm.nih.gov/pubmed/17644308
http://dx.doi.org/10.1038/nature09857
http://www.ncbi.nlm.nih.gov/pubmed/21368762
http://dx.doi.org/10.1002/hep.26200
http://www.ncbi.nlm.nih.gov/pubmed/23319235
http://dx.doi.org/10.18632/oncotarget.6893
http://dx.doi.org/10.1042/CS20140732
http://dx.doi.org/10.1093/ndt/gfs373
http://dx.doi.org/10.1053/j.gastro.2011.08.037
http://dx.doi.org/10.1084/jem.20110251
http://dx.doi.org/10.1038/ncomms10274
http://www.ncbi.nlm.nih.gov/pubmed/26817517
http://dx.doi.org/10.1073/pnas.1408987111
http://www.ncbi.nlm.nih.gov/pubmed/25288762


Int. J. Mol. Sci. 2020, 21, 5931 23 of 29

113. Murphy, J.M.; Zhang, Q.; Young, S.N.; Reese, M.L.; Bailey, F.P.; Eyers, P.A.; Ungureanu, D.; Hammaren, H.;
Silvennoinen, O.; Varghese, L.N.; et al. A robust methodology to subclassify pseudokinases based on their
nucleotide-binding properties. Biochem. J. 2014, 457, 323–334. [CrossRef] [PubMed]

114. Manning, G.; Whyte, D.B.; Martinez, R.; Hunter, T.; Sudarsanam, S. The protein kinase complement of the
human genome. Science 2002, 298, 1912–1934. [CrossRef]

115. Chen, X.; Li, W.; Ren, J.; Huang, D.; He, W.T.; Song, Y.; Yang, C.; Li, W.; Zheng, X.; Chen, P.; et al. Translocation
of mixed lineage kinase domain-like protein to plasma membrane leads to necrotic cell death. Cell Res. 2014,
24, 105–121. [CrossRef]

116. Wang, H.; Sun, L.; Su, L.; Rizo, J.; Liu, L.; Wang, L.F.; Wang, F.S.; Wang, X. Mixed lineage kinase domain-like
protein MLKL causes necrotic membrane disruption upon phosphorylation by RIP3. Mol. Cell 2014, 54,
133–146. [CrossRef]

117. Günther, C.; He, G.W.; Kremer, A.E.; Murphy, J.M.; Petrie, E.J.; Amann, K.; Vandenabeele, P.; Linkermann, A.;
Poremba, C.; Schleicher, U.; et al. The pseudokinase MLKL mediates programmed hepatocellular necrosis
independently of RIPK3 during hepatitis. J. Clin. Investig. 2016, 126, 4346–4360. [CrossRef]

118. Murphy, J.M.; Czabotar, P.E.; Hildebrand, J.M.; Lucet, I.S.; Zhang, J.G.; Alvarez-Diaz, S.; Lewis, R.; Lalaoui, N.;
Metcalf, D.; Webb, A.I.; et al. The pseudokinase MLKL mediates necroptosis via a molecular switch
mechanism. Immunity 2013, 39, 443–453. [CrossRef]

119. Alvarez-Diaz, S.; Dillon, C.P.; Lalaoui, N.; Tanzer, M.C.; Rodriguez, D.A.; Lin, A.; Lebois, M.; Hakem, R.;
Josefsson, E.C.; O’Reilly, L.A.; et al. The Pseudokinase MLKL and the Kinase RIPK3 Have Distinct Roles in
Autoimmune Disease Caused by Loss of Death-Receptor-Induced Apoptosis. Immunity 2016, 45, 513–526.
[CrossRef]

120. Jaeschke, H. Reactive oxygen and ischemia/reperfusion injury of the liver. Chem.-Biol. Interact. 1991, 79,
115–136. [CrossRef]

121. Rüdiger, H.A.; Graf, R.; Clavien, P.A. Liver ischemia: Apoptosis as a central mechanism of injury. J. Investig.
Surg. 2003, 16, 149–159. [CrossRef]

122. Nakagawa, T.; Shimizu, S.; Watanabe, T.; Yamaguchi, O.; Otsu, K.; Yamagata, H.; Inohara, H.; Kubo, T.;
Tsujimoto, Y. Cyclophilin D-dependent mitochondrial permeability transition regulates some necrotic but
not apoptotic cell death. Nature 2005, 434, 652–658. [CrossRef] [PubMed]

123. Kohli, V.; Selzner, M.; Madden, J.F.; Bentley, R.C.; Clavien, P.-A. Endothelial Cell And Hepatocyte Deaths
Occur By Apoptosis After Ischemia-Reperfusion Injury In The Rat Liver. Transplantation 1999, 67, 1099–1105.
[CrossRef]

124. Natori, S.; Selzner, M.; Valentino, K.L.; Fritz, L.C.; Srinivasan, A.; Clavien, P.A.; Gores, G.J. Apoptosis of
Sinusoidal Endothelial Cells Occurs During Liver Preservation Injury By A Caspase-Dependent Mechanism1.
Transplantation 1999, 68, 89–96. [CrossRef] [PubMed]

125. Cursio, R.; Gugenheim, J.; Ricci, J.E.; Crenesse, D.; Rostagno, P.; Maulon, L.; Saint-Paul, M.C.; Ferrua, B.;
Auberger, A.P. A caspase inhibitor fully protects rats against lethal normothermic liver ischemia by inhibition
of liver apoptosis. FASEB J. 1999, 13, 253–261. [CrossRef] [PubMed]

126. Natori, S.; Higuchi, H.; Contreras, P.; Gores, G.J. The caspase inhibitor IDN-6556 prevents caspase activation
and apoptosis in sinusoidal endothelial cells during liver preservation injury. Liver Transplant. 2003, 9,
278–284. [CrossRef]

127. Gujral, J.S.; Bucci, T.J.; Farhood, A.; Jaeschke, H. Mechanism of cell death during warm hepatic
ischemia-reperfusion in rats: Apoptosis or necrosis? Hepatology 2001, 33, 397–405. [CrossRef] [PubMed]

128. Grasl-Kraupp, B.; Ruttkay-Nedecky, B.; Koudelka, H.; Bukowska, K.; Bursch, W.; Schulte-Hermann, R. In situ
detection of fragmented DNA (tunel assay) fails to discriminate among apoptosis, necrosis, and autolytic cell
death: A cautionary note. Hepatology 1995, 21, 1465–1468. [CrossRef] [PubMed]

129. Gujral, J.S.; Knight, T.R.; Farhood, A.; Bajt, M.L.; Jaeschke, H. Mode of Cell Death after Acetaminophen
Overdose in Mice: Apoptosis or Oncotic Necrosis? Toxicol. Sci. 2002, 67, 322–328. [CrossRef] [PubMed]

130. Jaeschke, H.; Lemasters, J.J. Apoptosis versus oncotic necrosis in hepatic ischemia/reperfusion injury.
Gastroenterology 2003, 125, 1246–1257. [CrossRef]

131. Yang, M.; Antoine, D.J.; Weemhoff, J.L.; Jenkins, R.E.; Farhood, A.; Park, B.K.; Jaeschke, H. Biomarkers
distinguish apoptotic and necrotic cell death during hepatic ischemia/reperfusion injury in mice.
Liver Transplant. 2014, 20, 1372–1382. [CrossRef] [PubMed]

http://dx.doi.org/10.1042/BJ20131174
http://www.ncbi.nlm.nih.gov/pubmed/24107129
http://dx.doi.org/10.1126/science.1075762
http://dx.doi.org/10.1038/cr.2013.171
http://dx.doi.org/10.1016/j.molcel.2014.03.003
http://dx.doi.org/10.1172/JCI87545
http://dx.doi.org/10.1016/j.immuni.2013.06.018
http://dx.doi.org/10.1016/j.immuni.2016.07.016
http://dx.doi.org/10.1016/0009-2797(91)90077-K
http://dx.doi.org/10.1080/08941930390205764
http://dx.doi.org/10.1038/nature03317
http://www.ncbi.nlm.nih.gov/pubmed/15800626
http://dx.doi.org/10.1097/00007890-199904270-00003
http://dx.doi.org/10.1097/00007890-199907150-00018
http://www.ncbi.nlm.nih.gov/pubmed/10428274
http://dx.doi.org/10.1096/fasebj.13.2.253
http://www.ncbi.nlm.nih.gov/pubmed/9973313
http://dx.doi.org/10.1053/jlts.2003.50019
http://dx.doi.org/10.1053/jhep.2001.22002
http://www.ncbi.nlm.nih.gov/pubmed/11172341
http://dx.doi.org/10.1016/0270-9139(95)90071-3
http://www.ncbi.nlm.nih.gov/pubmed/7737654
http://dx.doi.org/10.1093/toxsci/67.2.322
http://www.ncbi.nlm.nih.gov/pubmed/12011492
http://dx.doi.org/10.1016/S0016-5085(03)01209-5
http://dx.doi.org/10.1002/lt.23958
http://www.ncbi.nlm.nih.gov/pubmed/25046819


Int. J. Mol. Sci. 2020, 21, 5931 24 of 29

132. Kimura, K.; Shirabe, K.; Yoshizumi, T.; Takeishi, K.; Itoh, S.; Harimoto, N.; Ikegami, T.; Uchiyama, H.;
Okano, S.; Maehara, Y. Ischemia-Reperfusion Injury in Fatty Liver Is Mediated by Activated NADPH Oxidase
2 in Rats. Transplantation 2016, 100, 791–800. [CrossRef] [PubMed]

133. Zhao, G.; Fu, C.; Wang, L.; Zhu, L.; Yan, Y.; Xiang, Y.; Zheng, F.; Gong, F.; Chen, S.; Chen, G. Down-regulation
of nuclear HMGB1 reduces ischemia-induced HMGB1 translocation and release and protects against liver
ischemia-reperfusion injury. Sci. Rep. 2017, 7, 46272. [CrossRef] [PubMed]

134. Hong, J.-M.; Kim, S.-J.; Lee, S.-M. Role of necroptosis in autophagy signaling during hepatic ischemia and
reperfusion. Toxicol. Appl. Pharmacol. 2016, 308, 1–10. [CrossRef] [PubMed]

135. Rosentreter, D.; Funken, D.; Reifart, J.; Mende, K.; Rentsch, M.; Khandoga, A. RIP1-Dependent Programmed
Necrosis is Negatively Regulated by Caspases During Hepatic Ischemia-Reperfusion. Shock 2015, 44, 72–76.
[CrossRef]

136. Saeed, W.K.; Jun, D.W.; Jang, K.; Chae, Y.J.; Lee, J.S.; Kang, H.T. Does necroptosis have a crucial role in hepatic
ischemia-reperfusion injury? PLoS ONE 2017, 12, e0184752. [CrossRef]

137. Yang, X.-S.; Yi, T.-L.; Zhang, S.; Xu, Z.-W.; Yu, Z.-Q.; Sun, H.-T.; Yang, C.; Tu, Y.; Cheng, S.-X. Hypoxia-inducible
factor-1 alpha is involved in RIP-induced necroptosis caused by in vitro and in vivo ischemic brain injury.
Sci. Rep. 2017, 7, 5818. [CrossRef]

138. Chen, S.; Lv, X.; Hu, B.; Shao, Z.; Wang, B.; Ma, K.; Lin, H.; Cui, M. RIPK1/RIPK3/MLKL-mediated necroptosis
contributes to compression-induced rat nucleus pulposus cells death. Apoptosis 2017, 22, 626–638. [CrossRef]

139. Younossi, Z.M.; Koenig, A.B.; Abdelatif, D.; Fazel, Y.; Henry, L.; Wymer, M. Global epidemiology of
nonalcoholic fatty liver disease-Meta-analytic assessment of prevalence, incidence, and outcomes. Hepatology
2016, 64, 73–84. [CrossRef]

140. Roychowdhury, S.; McCullough, R.L.; Sanz-Garcia, C.; Saikia, P.; Alkhouri, N.; Matloob, A.; Pollard, K.A.;
McMullen, M.R.; Croniger, C.M.; Nagy, L.E. Receptor interacting protein 3 protects mice from high-fat
diet-induced liver injury. Hepatology 2016, 64, 1518–1533. [CrossRef]

141. Gautheron, J.; Vucur, M.; Reisinger, F.; Cardenas, D.V.; Roderburg, C.; Koppe, C.; Kreggenwinkel, K.;
Schneider, A.T.; Bartneck, M.; Neumann, U.P.; et al. A positive feedback loop between RIP3 and JNK controls
non-alcoholic steatohepatitis. EMBO Mol. Med. 2014, 6, 1062–1074. [CrossRef] [PubMed]

142. Sutter, A.G.; Palanisamy, A.P.; Ellet, J.D.; Schmidt, M.G.; Schnellmann, R.G.; Chavin, K.D. Intereukin-10 and
Kupffer cells protect steatotic mice livers from ischemia-reperfusion injury. Eur. Cytokine Netw. 2014, 25,
69–76. [CrossRef] [PubMed]

143. Li, S.; Takahara, T.; Li, X.-K.; Fujino, M.; Sugiyama, T.; Tsukada, K.; Liu, C.; Kakuta, Y.; Nonomura, N.; Ito, H.;
et al. 5-Aminolevulinic acid combined with ferrous iron ameliorate ischemia–reperfusion injury in the mouse
fatty liver model. Biochem. Biophys. Res. Commun. 2016, 470, 900–906. [CrossRef] [PubMed]

144. Esteban-Zubero, E.; García-Gil, F.A.; López-Pingarrón, L.; Alatorre-Jiménez, M.A.; Ramírez, J.M.; Tan, D.-X.;
García, J.J.; Reiter, R.J. Melatonin role preventing steatohepatitis and improving liver transplantation results.
Cell. Mol. Life Sci. 2016, 73, 2911–2927. [CrossRef] [PubMed]

145. Yamada, N.; Karasawa, T.; Wakiya, T.; Sadatomo, A.; Ito, H.; Kamata, R.; Watanabe, S.; Komada, T.; Kimura, H.;
Sanada, Y.; et al. Iron overload as a risk factor for hepatic ischemia-reperfusion injury in liver transplantation:
Potential role of ferroptosis. Am. J. Transplant. 2020, 20, 1606–1618. [CrossRef]

146. Malireddi, R.K.S.; Kesavardhana, S.; Kanneganti, T.-D. ZBP1 and TAK1: Master Regulators of NLRP3
Inflammasome/Pyroptosis, Apoptosis, and Necroptosis (PAN-optosis). Front. Cell. Infect. Microbiol. 2019, 9.
[CrossRef]

147. Samir, P.; Malireddi, R.K.S.; Kanneganti, T.-D. The PANoptosome: A Deadly Protein Complex Driving
Pyroptosis, Apoptosis, and Necroptosis (PANoptosis). Front. Cell. Infect. Microbiol. 2020, 10. [CrossRef]
[PubMed]

148. Martin, S.J. Cell death and inflammation: The case for IL-1 family cytokines as the canonical DAMPs of the
immune system. FEBS J. 2016, 283, 2599–2615. [CrossRef] [PubMed]

149. Kearney, C.J.; Martin, S.J. An Inflammatory Perspective on Necroptosis. Mol. Cell 2017, 65, 965–973.
[CrossRef]

150. Oppenheim, J.J.; Yang, D. Alarmins: Chemotactic activators of immune responses. Curr. Opin. Immunol.
2005, 17, 359–365. [CrossRef]

151. Garg, A.D.; Kaczmarek, A.; Krysko, O.; Vandenabeele, P.; Krysko, D.V.; Agostinis, P. ER stress-induced
inflammation: Does it aid or impede disease progression? Trends Mol. Med. 2012, 18, 589–598. [CrossRef]

http://dx.doi.org/10.1097/TP.0000000000001130
http://www.ncbi.nlm.nih.gov/pubmed/26950726
http://dx.doi.org/10.1038/srep46272
http://www.ncbi.nlm.nih.gov/pubmed/28382970
http://dx.doi.org/10.1016/j.taap.2016.08.010
http://www.ncbi.nlm.nih.gov/pubmed/27521978
http://dx.doi.org/10.1097/SHK.0000000000000371
http://dx.doi.org/10.1371/journal.pone.0184752
http://dx.doi.org/10.1038/s41598-017-06088-0
http://dx.doi.org/10.1007/s10495-017-1358-2
http://dx.doi.org/10.1002/hep.28431
http://dx.doi.org/10.1002/hep.28676
http://dx.doi.org/10.15252/emmm.201403856
http://www.ncbi.nlm.nih.gov/pubmed/24963148
http://dx.doi.org/10.1684/ecn.2015.0359
http://www.ncbi.nlm.nih.gov/pubmed/25679269
http://dx.doi.org/10.1016/j.bbrc.2016.01.136
http://www.ncbi.nlm.nih.gov/pubmed/26820535
http://dx.doi.org/10.1007/s00018-016-2185-2
http://www.ncbi.nlm.nih.gov/pubmed/27022943
http://dx.doi.org/10.1111/ajt.15773
http://dx.doi.org/10.3389/fcimb.2019.00406
http://dx.doi.org/10.3389/fcimb.2020.00238
http://www.ncbi.nlm.nih.gov/pubmed/32582562
http://dx.doi.org/10.1111/febs.13775
http://www.ncbi.nlm.nih.gov/pubmed/27273805
http://dx.doi.org/10.1016/j.molcel.2017.02.024
http://dx.doi.org/10.1016/j.coi.2005.06.002
http://dx.doi.org/10.1016/j.molmed.2012.06.010


Int. J. Mol. Sci. 2020, 21, 5931 25 of 29

152. Zitvogel, L.; Kepp, O.; Kroemer, G. Decoding cell death signals in inflammation and immunity. Cell 2010,
140, 798–804. [CrossRef] [PubMed]

153. Andersson, U.; Yang, H.; Harris, H. High-mobility group box 1 protein (HMGB1) operates as an alarmin
outside as well as inside cells. Semin. Immunol. 2018, 38, 40–48. [CrossRef] [PubMed]

154. Mihm, S. Danger-Associated Molecular Patterns (DAMPs): Molecular Triggers for Sterile Inflammation in
the Liver. Int. J. Mol. Sci. 2018, 19, 3104. [CrossRef] [PubMed]

155. Bertheloot, D.; Latz, E. HMGB1, IL-1α, IL-33 and S100 proteins: Dual-function alarmins. Cell Mol. Immunol.
2017, 14, 43–64. [CrossRef] [PubMed]

156. Vicentino, A.R.R.; Carneiro, V.C.; Allonso, D.; Guilherme, R.F.; Benjamim, C.F.; Dos Santos, H.A.M.; Xavier, F.;
Pyrrho, A.D.S.; Gomes, J.A.S.; Fonseca, M.C.; et al. Emerging Role of HMGB1 in the Pathogenesis of
Schistosomiasis Liver Fibrosis. Front. Immunol. 2018, 9, 1979. [CrossRef]

157. Yang, D.; Han, Z.; Oppenheim, J.J. Alarmins and immunity. Immunol. Rev. 2017, 280, 41–56. [CrossRef]
158. Scaffidi, P.; Misteli, T.; Bianchi, M.E. Release of chromatin protein HMGB1 by necrotic cells triggers

inflammation. Nature 2002, 418, 191–195. [CrossRef]
159. Shlomovitz, I.; Erlich, Z.; Speir, M.; Zargarian, S.; Baram, N.; Engler, M.; Edry-Botzer, L.; Munitz, A.;

Croker, B.A.; Gerlic, M. Necroptosis directly induces the release of full-length biologically active IL-33 in vitro
and in an inflammatory disease model. FEBS J. 2019, 286, 507–522. [CrossRef]

160. Leyva-Castillo, J.M.; Galand, C.; Kam, C.; Burton, O.; Gurish, M.; Musser, M.A.; Goldsmith, J.D.; Hait, E.;
Nurko, S.; Brombacher, F.; et al. Mechanical Skin Injury Promotes Food Anaphylaxis by Driving Intestinal
Mast Cell Expansion. Immunity 2019, 50, 1262–1275.e1264. [CrossRef]

161. Ferhat, M.; Robin, A.; Giraud, S.; Sena, S.; Goujon, J.M.; Touchard, G.; Hauet, T.; Girard, J.P.; Gombert, J.M.;
Herbelin, A.; et al. Endogenous IL-33 Contributes to Kidney Ischemia-Reperfusion Injury as an Alarmin.
J. Am. Soc. Nephrol. 2018, 29, 1272–1288. [CrossRef] [PubMed]

162. Yazdani, H.O.; Chen, H.W.; Tohme, S.; Tai, S.; van der Windt, D.J.; Loughran, P.; Rosborough, B.R.; Sud, V.;
Beer-Stolz, D.; Turnquist, H.R.; et al. IL-33 exacerbates liver sterile inflammation by amplifying neutrophil
extracellular trap formation. J. Hepatol. 2017, 10.1016/j.jhep.2017.09.010. [CrossRef] [PubMed]

163. Lemay, S.; Rabb, H.; Postler, G.; Singh, A.K. Prominent and sustained up-regulation of gp130-signaling
cytokines and the chemokine MIP-2 in murine renal ischemia-reperfusion injury. Transplantation 2000, 69,
959–963. [CrossRef] [PubMed]

164. Uhlmann, D.; Gaebel, G.; Armann, B.; Ludwig, S.; Hess, J.; Pietsch, U.C.; Fiedler, M.; Tannapfel, A.; Hauss, J.;
Witzigmann, H. Attenuation of proinflammatory gene expression and microcirculatory disturbances by
endothelin A receptor blockade after orthotopic liver transplantation in pigs. Surgery 2006, 139, 61–72.
[CrossRef] [PubMed]

165. Fan, X.D.; Zheng, H.B.; Fan, X.S.; Lu, S. Increase of SOX9 promotes hepatic ischemia/reperfusion (IR) injury
by activating TGF-β1. Biochem. Biophys. Res. Commun. 2018, 503, 215–221. [CrossRef]

166. Kelly, K.J.; Williams, W.W., Jr.; Colvin, R.B.; Meehan, S.M.; Springer, T.A.; Gutierrez-Ramos, J.C.; Bonventre, J.V.
Intercellular adhesion molecule-1-deficient mice are protected against ischemic renal injury. J. Clin. Investig.
1996, 97, 1056–1063. [CrossRef]

167. Goes, N.; Urmson, J.; Ramassar, V.; Halloran, P.F. Ischemic acute tubular necrosis induces an extensive
local cytokine response. Evidence for induction of interferon-gamma, transforming growth factor-beta 1,
granulocyte-macrophage colony-stimulating factor, interleukin-2, and interleukin-10. Transplantation 1995,
59, 565–572. [CrossRef]

168. Gerlach, J.; Jorres, A.; Nohr, R.; Zeilinger, K.; Spatkowski, G.; Neuhaus, P. Local liberation of cytokines during
liver preservation. Transpl. Int. 1999, 12, 261–265. [CrossRef]

169. Oz, M.C.; Liao, H.; Naka, Y.; Seldomridge, A.; Becker, D.N.; Michler, R.E.; Smith, C.R.; Rose, E.A.; Stern, D.M.;
Pinsky, D.J. Ischemia-induced interleukin-8 release after human heart transplantation. A potential role for
endothelial cells. Circulation 1995, 92, Ii428–Ii432. [CrossRef]

170. Krysko, D.V.; Garg, A.D.; Kaczmarek, A.; Krysko, O.; Agostinis, P.; Vandenabeele, P. Immunogenic cell death
and DAMPs in cancer therapy. Nat. Rev. Cancer 2012, 12, 860–875. [CrossRef]

171. Elliott, M.R.; Chekeni, F.B.; Trampont, P.C.; Lazarowski, E.R.; Kadl, A.; Walk, S.F.; Park, D.; Woodson, R.I.;
Ostankovich, M.; Sharma, P.; et al. Nucleotides released by apoptotic cells act as a find-me signal to promote
phagocytic clearance. Nature 2009, 461, 282–286. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.cell.2010.02.015
http://www.ncbi.nlm.nih.gov/pubmed/20303871
http://dx.doi.org/10.1016/j.smim.2018.02.011
http://www.ncbi.nlm.nih.gov/pubmed/29530410
http://dx.doi.org/10.3390/ijms19103104
http://www.ncbi.nlm.nih.gov/pubmed/30309020
http://dx.doi.org/10.1038/cmi.2016.34
http://www.ncbi.nlm.nih.gov/pubmed/27569562
http://dx.doi.org/10.3389/fimmu.2018.01979
http://dx.doi.org/10.1111/imr.12577
http://dx.doi.org/10.1038/nature00858
http://dx.doi.org/10.1111/febs.14738
http://dx.doi.org/10.1016/j.immuni.2019.03.023
http://dx.doi.org/10.1681/ASN.2017060650
http://www.ncbi.nlm.nih.gov/pubmed/29436517
http://dx.doi.org/10.1016/j.jhep.2017.09.010
http://www.ncbi.nlm.nih.gov/pubmed/28943296
http://dx.doi.org/10.1097/00007890-200003150-00049
http://www.ncbi.nlm.nih.gov/pubmed/10755557
http://dx.doi.org/10.1016/j.surg.2005.07.006
http://www.ncbi.nlm.nih.gov/pubmed/16364719
http://dx.doi.org/10.1016/j.bbrc.2018.06.005
http://dx.doi.org/10.1172/JCI118498
http://dx.doi.org/10.1097/00007890-199502270-00022
http://dx.doi.org/10.1111/j.1432-2277.1999.tb01211.x
http://dx.doi.org/10.1161/01.CIR.92.9.428
http://dx.doi.org/10.1038/nrc3380
http://dx.doi.org/10.1038/nature08296
http://www.ncbi.nlm.nih.gov/pubmed/19741708


Int. J. Mol. Sci. 2020, 21, 5931 26 of 29

172. Choi, M.E.; Price, D.R.; Ryter, S.W.; Choi, A.M.K. Necroptosis: A crucial pathogenic mediator of human
disease. JCI Insight 2019, 4. [CrossRef] [PubMed]

173. Zimmerman, M.A.; Kam, I.; Eltzschig, H.; Grenz, A. Biological implications of extracellular adenosine in
hepatic ischemia and reperfusion injury. Am. J. Transplant. 2013, 13, 2524–2529. [CrossRef] [PubMed]

174. Garg, A.D.; Krysko, D.V.; Verfaillie, T.; Kaczmarek, A.; Ferreira, G.B.; Marysael, T.; Rubio, N.; Firczuk, M.;
Mathieu, C.; Roebroek, A.J.; et al. A novel pathway combining calreticulin exposure and ATP secretion in
immunogenic cancer cell death. EMBO J. 2012, 31, 1062–1079. [CrossRef]

175. Garg, A.D.; Nowis, D.; Golab, J.; Vandenabeele, P.; Krysko, D.V.; Agostinis, P. Immunogenic cell death,
DAMPs and anticancer therapeutics: An emerging amalgamation. Biochim. Biophys. Acta 2010, 1805, 53–71.
[CrossRef]

176. Dear, J.W.; Simpson, K.J.; Nicolai, M.P.; Catterson, J.H.; Street, J.; Huizinga, T.; Craig, D.G.; Dhaliwal, K.;
Webb, S.; Bateman, D.N.; et al. Cyclophilin A is a damage-associated molecular pattern molecule that
mediates acetaminophen-induced liver injury. J. Immunol. 2011, 187, 3347–3352. [CrossRef]

177. Christofferson, D.E.; Yuan, J. Cyclophilin A release as a biomarker of necrotic cell death. Cell Death Differ.
2010, 17, 1942–1943. [CrossRef]
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